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ABSTRACT
School of Graduate Studies
The University of Alabama in Huntsville

Degree Doctor of Philosophy College/Dept. Science / Physics
Name of Candidate Amy Renée Winebarger
Title Energetics of Dynamic Plasma in the Solar Transition Region

Observations of solar chromosphere-corona transition region plasma show evidence of
small-scale, short-lived dynamic phenomena characterized by extreme nonthermal broad-
ening and asymmetry in the wings of spectral line profiles. These impulsive mass motions
(“explosive events”) are thought to be the product of magnetic reconnection and to be
similar in driving mechanism (though larger in size) to nanoflares, the small-scale events
proposed by Parker (1988) to heat the corona.

The nonthermal broadening and asymmetry associated with explosive events led to
speculation that they were significant to the energy balance of the solar atmosphere, yet
initial estimates of the energy flux contribution of these events suggested that the energy
released was not sufficient to heat the corona and chromosphere. However, these previous
estimates were based on characteristic velocities of the plasma (found from the average shift
and width of the spectral line profile) and so did not adequately describe the energy flux.

To further establish the energetic significance of explosive events, the differential distri-
bution of the number of events as a function of their energy, ‘;—% ~ E~% must be evaluated.
If the index, a, of this distribution is greater than 2, the total power released by the events
is dominated by the smallest events. Hence, if such a distribution continued to small enough
energies, these small events (e.g., nanoflares) would be significant in coronal and chromo-
spheric heating.

This dissertation addresses 1) whether explosive events are significant in the energy
balance of the solar atmosphere and 2) if the distribution of the number of explosive events
as a function of their energy implies that smaller releases of energy may be significant in
coronal and chromospheric heating.

High spectral, spatial, and temporal resolution spectra of the C IIT1977 A line, NIV 765 A
line, O VI 1032 A line, and Ne VIII 770 A line were observed with Solar Ultraviolet Mea-
surements of Emitted Radiation (SUMER) telescope and spectrometer. Each line profile
exhibiting explosive event characteristics was analyzed using the Velocity Differential Emis-
sion Measure (VDEM). A VDEM is a measure of the emitting power of the plasma as a
function of its line-of-sight velocity. It characterizes the bulk flows of the plasma, and hence
provides a method of accurately measuring the energy flux associated with an event.

The average global contribution of the energy flux released in these events toward both
the corona and chromosphere is ~ 4 x 10* ergs cm™2 s~!. Though this value falls short
of the atmospheric heating requirements (viz. 3 x 10° ergs cm 2 s~! for the corona and
4 x 10° ergs cm 2 s~ ! for the chromosphere), the distribution of events as a function of
energy has an index of a = 2.9 + 0.1. If this distribution is representative of the size distri-
bution at lower event energies (~ 102! ergs), these small, undetectable events would release
enough energy to heat the solar atmosphere.
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CHAPTER 1

INTRODUCTION

This dissertation investigates the energetics of small-scale dynamic processes occurring
in the solar chromosphere-corona transition region. These events, thought to be associated
with magnetic reconnection, are observed as skewed or broadened spectral lines. Their
energies have been found by analysis of the latest UV and EUV spectral data with a new
inversion technique to find the bulk velocity distribution function (and hence the energy flux)
associated with the emitting plasma. This introductory chapter develops the complexity of
the problem of heating the solar atmosphere and introduces the heating mechanism that is
investigated.

1.1 The Sun

The Sun is the closest star to Earth. Not only does it offer the radiation necessary for
life to exist in the solar system, it also conveniently supplies a large scale physics laboratory
to test constructs of plasma and stellar physics. It is a massive nuclear reactor containing
10%" tons of very hot, ionized gas. At its core, where energy is released through “hydrogen
burning” (fusing four hydrogen nuclei to create an alpha particle), temperatures exceed
10 million degrees. The energy is radiated and convected outward through the solar interior
to the solar surface, commonly referred to as the photosphere. The photosphere is where
most visible light originates and has a characteristic temperature of 5,800 K.

One of the most intriguing aspects of solar structure is the solar atmosphere. First
observed as large white light plumes during solar eclipses, its outer structure was determined
in the early 1900’s with the onset of solar spectroscopy. If the energy transport in the
solar atmosphere was purely radiative and convective, the temperature would decrease as
the distance from the solar surface increased. However, when scientists first observed the
emission lines during an eclipse, they found a temperature much higher than that of the
photosphere. Just above the photosphere, the emission is dominated by the hydrogen
emission lines formed around 10* K, an order of magnitude hotter than the photosphere.
Because of the reddish color associated with Ha emission, this layer of the solar atmosphere
was called the chromosphere. Much later, the emission lines observed from the outer layers
of the solar atmosphere, called the corona, were determined to be from ions that only exist
at temperatures on the order of millions of degrees. These scientific discoveries uncovered
a fundamental mystery of the solar atmosphere which still remains unsolved today. Why is
the plasma in the solar atmosphere so hot? Where does the energy come from to heat this
plasma? Energy cannot be radiated or convected through the photosphere to heat the solar
atmosphere to temperatures above photospheric temperatures. Therefore, another method
of energy transfer must be responsible for the heating of the chromosphere and corona.

An obvious possible accomplice for this energy transfer is the magnetic field that domi-
nates the geometry of the solar upper atmosphere. The strength of these fields, measured at
their footpoints in the photosphere, ranges from 10 to 1,000 G. These footpoints are moved



by the convective motions underneath the solar surface into the lanes between convective
cells, commonly referred to as the magnetic network. The magnetic fields provide a general
way to classify the atmospheric structure. Areas where the magnetic field lines are open are
called coronal holes. Coronal holes are not observed to emit radiation from ions formed at
high temperatures, hence they must be relatively cool areas of the solar atmosphere. These
areas are also the source of high speed solar particles (called the solar wind) that flow into
space along the open field lines. If the magnetic field lines are closed, large arching loops
(coronal loops) are formed as observed by X-ray observations of the solar corona. An area
containing intense magnetic field with large amounts of high temperature emission is called
an active region. Active regions are associated with intense photospheric field, or sunspots,
and large eruptions and releases of magnetic energy, flares. Regions where high temperature
emission and magnetic fields are moderate are called, simply, the quiet sun. For simplicity,
this dissertation deals mainly with the quiet solar atmosphere.

The shape of the field lines can be deduced from the equation of motion for hydromag-
netic equilibrium, or

Vp=J xB, (1.1)

where p is the particle pressure in the plasma, B is the magnetic field, and J is the current
density associated with plasma motions within the field or with the curl of the field itself.
In the low g plasma of the solar upper atmosphere (meaning the magnetic field pressure is
much larger than the particle pressure), this can be approximated as

JxB=(VxB)xB=0, (1.2)

which is known as the force-free condition. One solution to this equation (other than the
trivial B = 0 solution) is a potential (non-current-carrying) field such that V. x B = 0, or
B = V¢. A second solution is a nonpotential (current-carrying) field, or V x B = wB,
where w may or may not be constant in space. An example of a cylindrical, nonpotential
field with nonconstant w is a uniform twist field,

r
B =B, "+ LI (1.3)

2 2
1+ (Z) 1+ (Z)

(Tandberg-Hanssen & Emslie 1988), where ¢ is the azimuthal unit vector, 2 is the unit
vector along the axis of the cylinder, r is the radial distance from the axis, ¢ is a constant,
and By is the magnetic field strength along the axis of the cylinder where r = 0. [Note
that in the above example, there is no component of the magnetic field in the radial (7)
direction.] These stressed, current-carrying fields contain the free energy that, in principle,
could be harnessed to heat the solar atmosphere. An illustration of that energy is seen
as often as several times a day during solar maximum, when the coronal loops erupt, or
“flare,” releasing as much as 1032 ergs over a timescale of seconds to hours. As spectacular as
these large solar flares remain, they do not happen often enough to heat the global ambient
atmosphere. Yet their presence demonstrates the energy stored in the (current-carrying)
field lines.

The relationship between the magnetic field and the emitting plasma can be derived
from the induction or magnetic diffusion equation (e.g., Mariska 1992),

0B nct _,



where ¢ is time, U is the plasma velocity, 7 is the plasma resistivity, and ¢ is the speed of
light. The first term on the right hand side is the advection term and describes how the
motions of the plasma convect the magnetic field. The second term is the diffusive term,
describing how the magnetic field is destroyed by the resistivity of the plasma. The relative
importance of the two terms can be found from their ratio which is called the magnetic
Reynolds number,

47Ul
Rm = 77C2 ) (15)
where [ is the scale length of the plasma. For typical atmospheric plasmas,
n~8x108In AT 2 [esu], (1.6)
where In A = 10 is the Coulomb logarithm and T is the plasma temperature. The char-
acteristic velocity, U, in Equation (1.5) is simply the Alfvén speed, Vp = ( B)l (where
47mp)2

p is the mass density). Substituting these quantities into Equation (1.5) and assuming a
temperature, 7 = 10° K, and a mass density p = 2 x 1071 g cm ™3, the magnetic Reynolds
number becomes

R, = 12.5BI (1.7)

(Mariska 1992). For typical structure scales (~ 10® cm — Mariska 1992) and magnetic field
strengths (~ 102 G), the magnetic Reynolds number is approximately 10!, very much larger
than unity. This implies that the advective term overwhelmingly dominates the induction
equation, or that only plasma motions change the magnetic field content of a plasma. To
put it another way, a plasma element that is initially located on a given magnetic field line
must continue to remain on that same field line. This is referred to as “frozen-in” field.

Taken together, these two magnetic field qualities (“force-free” and “frozen-in”) demon-
strate the importance of the magnetic field in the quiet solar atmosphere. The structure is
defined by the geometry of the magnetic field and the atmospheric plasma is constrained
to move along the magnetic field lines. It is within this complex geometry that the energy
equation must be solved.

1.2 Energy Requirements for the Quiet Solar Atmosphere

The energy requirements to heat the solar atmosphere are not easily established. They
rely heavily on the temperature and density structures, which, in turn, are very dependent
on this complex geometry of the field lines mentioned in the previous section. Models of the
temperature and density that assume a one-dimensional atmosphere and hence neglect the
horizontal structure are overly simplistic, yet physically realizable models of a true three-
dimensional atmosphere have yet to be developed. This section will introduce the heating
needs of the chromosphere and corona, noting that the temperature and density structures
assumed may not be accurate.

A one-dimensional model for the temperature and mass density structure of the quiet
sun is shown in Figure 1.1. The chromosphere is the relatively thin layer (on the order
of a few thousand kilometers) that is generally defined from the temperature minimum at
approximately 4,000 K to approximately 25,000 K. The corona begins around 10® K and
extends several million kilometers into space. The temperatures in the corona are quite
high, yet the density of this region is low (n ~ 10° cm™3). The region between the chromo-
sphere and corona is called the transition region. In this layer of the solar atmosphere, the
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Figure 1.1: The temperature (solid) and mass density (dotted) as a function of height for

a one-dimensional model of the quiet solar atmosphere. (This figure is courtesy of Mariska
1992.)

temperature increases two orders of magnitude while the density decreases two orders of
magnitude over a relatively small change in atmospheric height (tens of kilometers). It is,
then, generally assumed that the pressure (~ ne¢T', where n, is the electron number density
and Boltzmann’s constant, k, is omitted for simplicity) is constant at ~ 1 x 10'® K cm™3
(e.g., Mariska 1992). Because the temperature associated with an emission line is relatively
easy to define, the temperature, instead of height, is often used as a scale for the solar
atmosphere.
The volumetric energy rate equation can be approximated as

% =V (F.+ Fr + Fg + Fuin + Fon + Fs) + H [ergs cm™> s7] (1.8)
(Withbroe & Noyes 1977), where £ (ergs cm™3) is the energy density, F. is the conductive
flux, Fy is the radiative energy flux, Fy is the gravitational potential energy flux, Fi;, is the
kinetic energy flux associated with the general bulk flows of the plasma, Fiy, is the thermal
enthalpy flow associated with the general bulk flows of the plasma, Fgs is the energy flux
associated with the solar wind, and H is the enigmatic heating term. The conductive flux
and radiative flux are the dominant energy loss terms for the corona and chromosphere of
the quiet sun and other values (for instance, the energy flux associated with the solar wind)
are assumed negligible. Approximate values for these terms derived from empirical models



Table 1.1: Energy flux losses of the corona and chromosphere in the quiet sun (Withbroe
& Noyes 1977).

Coronal losses: (ergs cm=2 s71)
Conductive Flux 2 x 10°
Radiative Flux 1 x10°

Total Coronal Loss 3 x 10°

Total Chromospheric Loss (Radiation) 4 x 10°

of the corona and chromosphere are given in Table 1.1 (from Withbroe & Noyes 1977). In
the chromosphere, energy loss is dominated by radiation, while in the corona, both terms
are significant. Each term will be discussed below.

The thermal conductive flux, Fg, is the thermal energy that travels along the tempera-
ture gradient from hot to cold. It is found by

F. = —KTE—S [ergs cm™2 7] (1.9)
(Mariska 1992), where & is the coefficient of thermal conductivity (for solar atmospheric
plasma, k = 1.1 x 1076 — Ulmschneider 1970) and s is the path length in the solar atmo-
sphere. Empirically, it has been found that the conductive flux is a constant (~ 1 —2 x 108
ergs cm~2 s71) above ~ 1052 K (see Mariska 1992 for details). Below this temperature,
the conductive flux falls off steeply, dropping four orders of magnitude between 10* and
10° K. Figure 1.2 shows the conductive flux found from a simple empirical model (Mariska
1992). Knowledge of the conductive flux offers a method to estimate the scale height of the
atmosphere by rewriting Equation (1.9), i.e.,

Hy :/ —T2dT. (1.10)
Tmin C
(This integral can be evaluated analytically for temperatures where the conductive flux is
constant and numerically integrated where it is not.) Typical values for this scale height
range from tens of kilometers at chromospheric temperatures to tens of thousands of kilo-
meters at coronal temperatures.
The energy density loss rate due to radiation is given by
dER

o = V - Fg = nenuP(T) [ergs cm ™2 s71], (1.11)

where ny is the hydrogen density and P(T') (ergs cm® s !) is the radiative loss function. The

magnitude of the radiative loss function in the solar atmosphere is 10722—10723 ergs cm? s7*
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Figure 1.2: The conductive flux of the solar atmosphere based on a simple empirical model
(Mariska 1992).

and is shown in Figure 1.3 (e.g., Mariska 1992). The shape of the radiative loss curve is
determined by the type of emission produced by the plasma and the abundances of ions at
different temperatures. The peak in the curve at ~ 10*2 K is due to Lymana emission from
the hydrogen atom. In this area of the curve (~ 10* — 10° K) the radiation is dominated
by bound-bound transitions of electrons. As the temperature increases (~ 105 — 107 K),
more ions become completely ionized. The radiation from this hot plasma, then, becomes
dominanted by bound-free transitions of the electrons. This is a less efficient process than
the bound-bound transitions, so as the temperature increases (i.e., more ions become fully
ionized), the radiative loss curve decreases. Above 107 K, all particles in the plasma
are essentially fully ionized and hence the radiation is dominated by free-free emission.
(For more information on the radiative loss curve, see Cox & Tucker 1969.) Because the
energy loss due to radiation is proportional to density squared (due to the predominance of
collisional processes), radiative losses are the main energy sink in the relatively high density
chromosphere.

In the quiet sun, approximately 3 x 10° ergs cm™2 s™! are required to heat the solar
corona and 4 x 105 ergs cm 2 s™! to heat the chromosphere (Withbroe & Noyes 1977).
Multiplied by the solar surface area, the power required is 3 x 102 and 2 x 10?° ergs s—! for
the corona and chromosphere, respectively. This is an enormous amount of energy. Compare
it to the electrical power consumed on Earth, ~ 10! ergs s~! (estimated from power usage
of several U.S. cities). The same energy that is required to sustain the solar atmosphere for



Figure 1.3: The radiative loss function of the solar atmospheric plasma (Mariska 1992).

1 s would supply Earth with enough energy for 10'° s, over 300 years. This energy must be
somehow passed to the solar atmosphere through the low temperature photosphere, yet no
observation has confirmed the transfer of this energy.

There has been considerable debate over the mechanism that is responsible for the
energy transfer in the solar atmosphere. Two main mechanisms, Alfvén wave heating and
dissipation of current in thin sheets, have emerged as the most viable candidates and will
be discussed briefly below. (For a review, see Zirker 1993 and references therein.) Both
these theories rely on the convective motions beneath the solar surface to store free energy
in the magnetic field which can be dissipated in the solar atmosphere. The primal energy
source, then, remains the hydrogen burning occurring in the solar core.

Originally it was thought that waves created by the convective motions of the plasma
beneath the solar surface propagated into the solar atmosphere where they dissipated and
deposited their energy (e.g., Whitaker 1963). More recently, however, it has been shown
that only Alfvén waves (low frequency waves caused by small perturbations in the mag-
netic field perpendicular to the direction of the field) reach the solar atmosphere before
dissipating (e.g., Priest 1982). Alfvén waves make a questionable coronal heating mech-
anism because of difficulties in both exciting these waves with photospheric motions and
dissipating them at coronal heights. The excitation must occur on faster timescales than
that of the convective motions (Zirker 1993) and, due to the incompressibility of the waves,
the dissipation must be facilitated (by, for instance, turbulence) and occur within one pe-
riod (Hollweg 1991). Attempted observations of Alfvén waves are summarized by Tsubaki



(1988). No observations currently clarify the role of Alfvén waves in coronal heating.

As an alternative, Parker (1979, 1988) has suggested that dissipation of magnetic current
sheets created by tangential discontinuities in the magnetic field heats the ambient solar
atmosphere. He called the energy released in this dissipation process a nanoflare. The
following section will review nanoflare theories and observations.

1.3 Nanoflares

Parker (1972) first proposed that the flux tubes in the solar corona are in nonequilibrium
and that this absence of equilibrium will result in small, intermittent releases of free energy.
His theory, simplified here, considers a flux tube with an initial uniform magnetic field, Byz,
and particle pressure, pg. The footpoints of this flux tube are rooted in the photosphere
where the convective motions will randomly move the magnetic field lines. These motions
result in distortions of the flux tube such that

B = Byz+b; (1.12)
p = po+pi, (1.13)

where by = b;& + byy + b, 2 and p1 = p1(z,y, 2) are the perturbations in the magnetic field
and pressure, respectively. Substituting these values into the equation for magnetostatic
equilibrium, (V x B) x B = Vp, and reducing gives the condition

db;

Bob,) = Byt 1.14
V(p1 + Bob:) = Bo—- (1.14)
Taking the divergence of Equation (1.14) gives

V?(p1 + Bob,) =0 (1.15)

(noting that V - by = 0), which implies that p; + Byb, is a constant except near boundary
layers at either footpoint (see Parker 1972 for full discussion). Also, from the Z-component
of Equation (1.14), it can be found that % = 0. Applying this result to the result obtained
from Equation (1.15) demonstrates that b, must also be independent of z.

This result illustrates that for magnetostatic equilibrium to be maintained, the pertur-
bations of the magnetic field in the Z direction must be invariant. In general, however, the
random asymmetric motions of the footpoints will braid the field into a complex, highly
variant pattern. Therefore, the field must be in dynamic nonequilibrium, developing tan-
gential discontinuities (current sheets) between areas of dissimilar twisting. Dissipation of
these current sheets through fast reconnection (Petschek 1964; and reviewed by Priest 1985)
should intermittently release the free energy which Parker has called a nanoflare. Because
each flux tube is composed of smaller flux tubes called filaments and each filament can be
independently driven by the photospheric motions, each flux tube is quite possibly a swarm
of nanoflares.

Parker’s model of coronal heating by dissipation of current sheets has been carefully
scrutinized. Critics suggest that an initially uniform field suffering only small, slow dis-
placements will maintain equilibrium. Supporters, however, have argued that tangential
discontinuities must, in fact, occur in various explicit configurations, such as when the
field contains a neutral point or when a given field is twisted while the neighboring field
is not (for a review of the debate, see Browning 1991). Though it is certain that some



specific configurations will result in current sheet formation, it is not clear that the degree
of nonequilibrium will create a sufficient number of current sheets (and hence nanoflares)
to be significant in the energy balance of the solar atmosphere.

An alternative interpretation of the dissipation process has been suggested by van Bal-
legooijen (1986). He hypothesizes that the braiding of an initially uniform field will drive
large gradients in the field and plasma. The field remains close to equilibrium (so current
sheets do not form), but energy flows “cascade” from large scale lengths to small scale
lengths. The resulting turbulence releases the stored magnetic energy.

The energetic significance of nanoflares (if, in fact, they do occur) depends on their rate
of occurrence as a function of energy. If they are similar to solar flare hard X-ray bursts
(e.g., Dennis 1985), the number of events falls off as a power law with index, «, or

Z—Z = AE™“ [events erg™! s71], (1.16)
where E (ergs) is the energy of an event and N (events s~!) is the number of events occurring
globally per second. The total power due to all events can then be found from

Emax
Pr = / EﬂdE

Emin dE
Emax
= A / E'"%dE. (1.17)
Enin
The result of this integration is
A 2—a 2—a
Pr = (2 — Oé) (Emax - Emin ) (118)

for @ < 2 and

b= (azj 2) l(Ele_Z B (Ei)ﬂ (1.19)

for @« > 2. This is written in both ranges to show which events limit the total power.
For a < 2, the total power is determined by the energy of the largest events [Equation
(1.18)], but for a > 2, the total power is determined by the energy of the smallest events
[Equation (1.19)]. For the dissipation process associated with nanoflares to release the
energy necessary to account for atmospheric heating, o must be greater than 2 (Hudson
1991). Such a distribution would be softer than that observed for solar flare hard X-ray
bursts, viz. & = 1.8 (e.g., Dennis 1985).

Determining this distribution through observations of nanoflares, however, is virtually
impossible. The lifetime of each event compared to the frequency with which they must
occur implies that one nanoflare would begin before the previous one could end; hence,
they would be indistinguishable from background noise (Hudson 1991). Furthermore, these
events occur on the spatial scale of a filament (~ 200 km). If an individual nanoflare
could be observed, it would require a four-fold increase over current instruments’ resolving
capabilities. It would also require that the line-of-sight of the instrument intercept only
the emission from a single filament, a highly improbable situation. The only remaining
hope of determining the distribution of nanoflares as a function of energy is to determine
the distribution of small-scale, yet detectable, energy releases, and assume the observed
distribution can be extrapolated to nanoflare energies.
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Observations of detectable, small-scale, short-lived releases of energy are plentiful. Ex-
treme ultraviolet (EUV) bursts were observed by Skylab as early as 1978 (Emslie & Noyes
1978). Lin et al. (1984) reported short-lived (1-2 s), intermittent spikes in X-ray data. In
general, these events have been divided into two classes of phenomena, “explosive events”
and “microflares.” In 1983, Brueckner & Bartoe reported small-scale, short-lived distortions
in transition region spectral lines observed with the Naval Research Laboratory’s High Res-
olution Telescope and Spectrograph (HRTS) instrument. These events, characterized by
large Doppler shifted and skewed lines profiles, were later dubbed ezplosive events (Dere,
Bartoe, & Brueckner 1984, 1989). Microflares were first observed by Porter, Toomre, &
Gebbie (1984; Porter et al. 1987) as brightenings throughout the magnetic network present
in the Ultraviolet Spectrometer and Polarimeter, an imaging instrument aboard the So-
lar Mazimum Mission. It was originally thought that an explosive event was simply the
spectral signature of a microflare, but it is not currently clear if these two phenomena are
the same process observed with a different instrument type, or two related, yet different
phenomena (see the discussion in Porter & Dere 1991). Throughout this dissertation, the
term “transition region dynamics” will refer to all dynamic events observed in wavelengths
associated with photons emitted by ions at transition region temperatures, while the term
“explosive event” will imply a dynamic event observed in spectral data and “microflare”
will imply an event observed in image data.

Both microflares and explosive events indicate energy release in the solar atmosphere.
Their associated energies are thought to be larger than the theoretical nanoflare energies
and smaller than the large energy release associated with typical solar flares. The distribu-
tion determined for this “median” energy range may or may not be representative of the
distribution at smaller (nanoflare) energies. Recall that the hard X-ray bursts associated
with solar flares have a power-law index of 1.8 (e.g., Dennis 1985). If the power index, «,
of the distribution of microflares or explosive events as a function of energy is greater than
2, it would demonstrate a steepening of the event size distribution as one progresses from
high energy to medium energy events. Such a steepening could continue to lower energies,
or the distribution could again flatten.

The distribution of events as a function of energy has previously been estimated for some
microflare events. For instance, Krucker & Benz (1998) found this distribution to have an
index between 2.3 and 2.6 for the range of energy between 8 x 10%* and 1.6 x 10?6 ergs by
interpreting changes in the emission measure as heating in the atmospheric plasma. These
results depend heavily upon the assumed efficiency of the process to convert the released
energy into thermal energy and hence to be observable in the emission measure. This effi-
ciency may be energy dependent and so may dramatically influence the distribution function
and its index. Porter, Fontenla, & Simnett (1995) attempted to correct the distribution
by assuming an energy dependent efficiency function, but found that the distribution (and
index) could not unambiguously be obtained. Furthermore, estimating the energy of these
events from an emission measure does not take into account the nonthermal energy asso-
ciated with bulk flows in the plasma or streaming of high-energy particles. The energy
associated with these flows could be a significant portion of the released energy.

The nonthermal energy release is, however, observable in spectral data where the non-
thermal velocities of the plasma can be deduced from the Doppler shifts of the spectral line.
Therefore measuring the energies related to explosive events would be a more accurate way
to find the distribution of events as a function of energy. To measure the energies associ-
ated with these events, however, is complex. Even though a general idea of the velocities of
the emitting plasma can be deduced from the spectral line, the line profile is weighted by
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the emission function of the emitting ion. Also, some part of the observed Doppler shifted
velocities are due to the thermal motion of the emitting ion, and so do not apply to the
plasma as a whole.

This dissertation will tackle the issue of finding the coronal and chromospheric energy
flows associated with these explosive events. After the energy fluxes associated with these
events are found, the distribution of events as a function of energy will be compiled to
find whether the best-fit power law distribution has an index greater or less than 2. The
dissertation, then, will address the questions of 1) whether explosive events themselves are
energetically significant and 2) if the distribution of events as a function of energy implies
that smaller, undetectable events (nanoflares) may have an effect on the energy balance of
the solar atmosphere.

1.4 Roadmap to the Dissertation

Chapter 2 will begin by reviewing general transition region structure and steady-state
phenomena. The previously known characteristics of transition region dynamics (or explo-
sive events) will also be reviewed in Chapter 2. The accepted model of magnetic reconnection
will be discussed, as well as the previous methods of estimating the energies associated with
these events. The need for a better method will be argued.

Chapter 3 will review the physics of measuring the energy flux of a plasma given a veloc-
ity distribution function. The energy flux expression will be reduced into four fundamental
terms: the kinetic energy flux, the thermal enthalpy flux, the nonthermal enthalpy flux,
and the “high-energy component” associated with the skewness of the velocity distribution
function. The VDEM function will then be presented as a way to determine the velocity
distribution function of the emitting plasma. This approximation has been tested using
data simulations and the results of these tests, and hence the robustness of VDEM method,
will be discussed. Finally, the data requirements that are necessary to find accurately the
energy flux will be stated.

The data used in this study of transition region dynamics were taken with the Solar
Ultraviolet Measurements of Emitted Radiation (SUMER) instrument flown aboard the
Solar and Heliospheric Observatory (SOHQ). This instrument provides the highest resolu-
tion available for UV and EUV spectral lines with near continuous coverage. The instrument
specifications, as well as a method to find the wavelength array associated with an observed
spectrum from reference lines will be discussed in Chapter 4. The spectral lines used in this
study will also be introduced and the technique of selecting event profiles from the raw data
will be discussed. Finally, the method of preparing event line profiles for VDEM analysis
will be reviewed.

The analysis technique introduced in Chapters 3 and 4 will be illustrated in Chapter 5
with an event line profile. The general results and event characteristics will be shown for
all profiles selected as events. Chapter 5 will also compare the event characteristics derived
from this study to the previous results and explain the possible sources of any discrepancy.

The global energetics extrapolated from the data used in this study are discussed in
Chapter 6. The distribution of events as a function of energy for coronal and chromospheric
flows is shown for the events observed in each analyzed spectral line. The necessary nanoflare
energy (and number of nanoflares at this energy required to heat the solar atmosphere) is
predicted from the distribution. These findings will be compared to previous results and
the possible sources of systematic errors will also be discussed.
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Chapter 7 will summarize the results of the dissertation. The implications of these
results will be reviewed, as well as the needs for future study.



CHAPTER 2

EXPLOSIVE EVENTS IN THE SOLAR TRANSITION REGION

Explosive events involve highly dynamic plasmas in the solar transition region. Before
discussing them, it is first appropriate to describe the conditions of the “quiet” transition
region. This chapter begins with an overview of its properties including structure, relevant
timescales, and static phenomena. The characteristics of explosive events will then be
reviewed along with the current model explaining them. Previous estimates of the energy
flux associated with these events will be discussed in Section 2.4, along with the reasons
why these estimates do not fully address the energetics of explosive events. Finally, the
need for a better method of analyzing explosive events will be argued in Section 2.5.

2.1 The Transition Region

The transition region of the solar atmosphere, defined roughly by the temperature range
from 10** to 10 K, has been discussed in detail by Mariska (1992). It is generally accepted
to consist of gas at a uniform pressure, neT" ~ 1 x 10! K cm™3. The main constituents
of the atmospheric plasma are electrons and hydrogen and helium nuclei. The density of
hydrogen, ny, and helium, nye, can be found from their abundances relative to the electron
density, viz. ny = 0.83n and nye = 0.083n, (based on abundances in Mariska 1992).

There has been an ongoing debate concerning the magnetic structure of the solar tran-
sition region. The classical view of the transition region has been of a one-dimensional
interface between the cool (< 10* K) chromospheric plasma and the hot (> 108) coronal
plasma confined to a large scale flux tube. However, images taken in UV and EUV wave-
lengths show that small scale structure (similar to chromospheric fine structure) persists
at transition region temperatures. Dowdy, Rabin, & Moore (1986) suggested that the so-
lar atmosphere is a magnetic “junkyard” — a combination of short, low-lying loops (with
a spatial scale of ~ 1000 km and a maximum temperature of ~ 105 K) and tall coronal
loops that indeed contain a classical interface-type transition region. The percentage of the
observed emission that originates from the shorter loops has been suggested to be as high
as 85% (Dere, Bartoe, & Brueckner 1984). Such a possible complex structure obviously
complicates the discussion of the energy transfer in the solar atmosphere. Yet, because the
spatial scale of the fine structure is the same as current instrumental resolution limits, it is
difficult to assess the true magnetic structure in the transition region.

The filamentary structure of the transition region is described by a volumetric filling
factor, v. The filling factor is the ratio between the true volume of the emitting plasma
and an assumed volume (usually related to the resolution of the instrument and the scale
height of the atmosphere). Values for the filling factor range from 1 (implying the assumed
volume is entirely filled with emitting plasma) to < 1 (implying only a small fraction of the
assumed volume is filled with the emitting plasma). To find the true volume, the density
must be accurately measured using density sensitive line ratios. This method is based on the
ratio of the emission between two lines formed by the same ion by transitions between two

13



14

separate energy states. If one state is always populated by collisions and deexcited through
spontaneous decay and another state is populated by collisions but deexcited through both
collisions and spontaneous decay, the ratio of the two lines is density sensitive. (For full
discussion, see Mariska 1992.) This accurate density can then be used in conjunction with
the emission measure, [n2dV, to find the true volume of the emitting plasma, i.e.,

[n2dv

5 -
e

Virue = (2'1)
Typically, the true volume of emitting plasma is much smaller than the assumed volume.
Values for the volumetric filling factor for the transition region are generally 10% or less
(e.g., Mariska 1992).

Static plasma in the solar transition region is generally assumed to be in thermal equi-
librium and at a uniform pressure. The validity of these approximations depends upon the
relevant timescales of the emitting plasma. These timescales will be discussed in terms of
a plasma with an initial temperature of 10° K, electron density of 10'° cm™3 and hydrogen
and helium densities from the abundances given above.

If a plasma is anisotropically heated (for instance, parallel to the direction of the mag-
netic field), the time for the plasma to re-establish thermal equilibrium, or isotropize, can
be found by , .

T2 : miT3)2
2n—e T & 3.3 X o0 (T2 n Z2)
(Huba 1994), where m; is the mass of the ion, Z is the charge of the ion, and 7% and 7. are
the isotropization times for the electrons and ions, respectively. For the plasma described
above, the electrons would reach equilibrium on the order of 10~* s, the hydrogen on the
order of 1072 s and the helium on the order of 107! s.

If a single species () is preferentially heated over the background species (), the time
for both species in the plasma to re-establish equilibrium is given by

Tp & 9.6 x 107 (2.2)

(maTg + mgTa)%

728 5.6 x 1017 (2.3)

1
(mamﬂ)iZngnﬂ

(Huba 1994). If electrons are preferentially heated, equilibrium would be re-established
between the heated electrons and the background plasma (consisting of electrons and hy-
drogen and helium nuclei) on the order of 10 ° s, hydrogen on the order of 102 s, and
helium on the order of 1072 s. Note that any preferentially accelerated helium will reach
equilibrium with hydrogen long before it isotropizes, so the time for the plasma to reach
thermal equilibrium is limited by the time for preferentially heated hydrogen to establish
equilibrium with the background plasma, or 1072 s.

If a change in the pressure of a plasma (for instance, through sudden heating) occurs at
a given point within a magnetic structure, the plasma within that structure can no longer be
considered at constant pressure. The time it would take for the perturbation to propagate
throughout the structure (and hence for uniform pressure to be re-established) is related
to the time for an ion pressure wave (traveling at the ion sound speed, %Tl) to traverse
the length of the plasma structure. At a temperature of 10° K, the ion sound speed is
approximately 40 km s~ !. Assuming the structure of the emitting plasma is 1,000 km in

length, constant pressure would be re-established on the order of 25 s. The plasma, then,
can be considered at thermal equilibrium for time scales on the order of a hundredth of a
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second, but the uniform pressure assumption is not valid except for timescales greater than
~ 25 s.

Although the search for an energy source in the solar atmosphere centers around the
heating of the solar chromosphere and corona, the plasma in the transition region also
requires energy input to sustain radiation. The time for a typical transition region plasma
to lose its thermal energy through radiation is found by

3
snkT
2At = nenuyP(T)
3
snkT
At = —27— 2.4
t nenuP(T)’ (2:4)

where n is the total number density of the plasma. For a plasma at 10° K with a density
characteristic of a constant pressure of 10’ K cm™3, the cooling time is approximately 2 s.
Therefore, energy input must be on a timescale of seconds to maintain observed transition
region temperatures.

Transition region plasma emits radiation primarily in the form of emission lines formed
by bound-bound transitions in highly ionized species. These spectral lines are often red-
shifted away from their expected laboratory wavelengths. Due to the difficulty in defining
the absolute wavelength associated with an observed spectral line, the absolute Doppler
shifts of the line centroids are not well known. There have been several studies, however,
that have found the relative Doppler shifts between transition region emission lines and
chromospheric emission lines. (It is believed that lines emitted by neutral, chromospheric
ions suffer no or very small shifts from their laboratory wavelengths, e.g., Brekke, Hassler,
& Wilhelm 1997.) Chae, Yun & Poland (1998) have determined the Doppler shift velocities
as a function of temperature with reference to the coolest chromospheric lines. They found
that the magnitude of the Doppler redshift increases as a function of temperature to approx-
imately 11 km s~! at 10>* K and then decreases toward coronal temperatures. (Throughout
this dissertation, the term “solar wavelength” will refer to the typical redshifted wavelength
associated with a spectral line observed from a solar plasma.)

The redshift observed in transition region spectral lines implies that mass is flowing
from the corona downward through the transition region. To maintain mass continuity,
there must also be mass injected into the corona. The injected mass is believed to be linked
to the upflows associated with spicules (cool plasma jets approximately 1,000 km in cross-
sectional diameter). Initially the spicule plasma is at chromospheric temperatures, and so
it is not observed in transition region spectral lines. The matter flows into the corona, is
heated, and falls back toward the solar surface. As this matter cools to transition region
temperatures, it emits photons associated with redshifted wavelengths.

All spectral line profiles emitted in the transition region are also broadened well be-
yond their expected thermal width; however, most are still well represented by a Gaussian

function, i.e.,
_=n)?

IO) ~e 57, (2.5)

where I()\) is the intensity of the line profile as a function of wavelength, A\, and X is the
wavelength associated with the centroid of the line profile. (As mentioned above, transition
region lines are typically redshifted from their laboratory wavelengths, thus X is the wave-
length associated with that redshift, or the average “solar wavelength.”) Traditionally, the



16

width of the line profile, o, has been expressed as

Xo [KT (2
o= T (2.6)
where )¢ is the rest wavelength of the spectral line, \/%Tl is the thermal velocity of the
the emitting ion with mass, mj, and ( is the most probable nonthermal velocity. The
magnitude of this nonthermal velocity begins at approximately 10 km s~! for a plasma
at 2 x 10 K and increases to a maximum of approximately 30 km s~! for a plasma with
a temperature of 3 x 10° K. The most probable nonthermal velocity then decreases to
approximately 20 km s~! for plasma at coronal temperatures (Chae, Schiihle, & Lemaire
1998). No center-to-limb dependence of these values has been found. Explanations for this
excess broadening are varied, but these motions are typically explained as being due to
turbulent motions in the emitting plasma.

(Throughout the remainder of this dissertation, a slightly different definition of nonther-
mal velocity has been adopted. The width of the Gaussian describing the line intensity is
re-defined as

Ao [KT
o=29

¢ E + 625 (27)

where ¢ is the nonthermal root mean square (r.m.s.) velocity. This would imply that £ = %,

i.e., that the r.m.s. nonthermal velocity is % times the most probable speed.)

2.2 Explosive Event Characteristics

One of the most significant results from the 1975 High Resolution Telescope and Spec-
trograph (HRTS) rocket flight was the discovery of highly time- and space-dependent bright-
enings in chromosphere-corona, transition region spectral lines. The observed events were
small-scale (~ 1,500km or 2 HRTS pixels), short-lived (~ 60s) phenomena characterized
by enhanced nonthermal broadening and/or asymmetry in the wings of the spectra. They
were mainly observed in transition region emission lines, most often in lines with a forma-
tion temperature around 10° K, and were the first unambiguous observation of nonthermal
releases of energy in the solar transition region. Brueckner & Bartoe (1983) originally
classified these events into turbulent events (with maximum Doppler shifted velocities of
+ 250 km s~!) and jets (with maximum observed velocities of 400 km s~!). Their classifi-
cation did not depend on the asymmetry of the line profile, but in general, one wing of the
profile was dominant for both turbulent events and jets. In later HRTS flights, however,
the “turbulent” events were observed to have their red and blue wings separated along the
slit (meaning the emission of each wing originated in spatially distinct regions), hence the
motions could not be explained through turbulence alone. The classification was dropped
and the name “explosive events” was adopted (Dere, Bartoe, & Brueckner 1984, 1989).

Figure 2.1 shows an example of a typical explosive event in the C ITI 977 A spectral
line. [These sample spectra were taken with the Solar Ultraviolet Measurements of Emitted
Radiation (SUMER) telescope and spectrometer (discussed fully in Section 4.1) on 1996
May 10. The spatial and temporal resolution of this instrument is very similar to that
of the HRTS instrument, thus these observations are similar to the original observations
made by HRTS.] The exposures are shown sequentially (a-f), each with an exposure time of
48 s. The horizontal axis is the dispersion direction and the vertical axis is the spatial pixel
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number measured along the slit. The arrow highlights the onset and decline of enhanced
emission in the wings of the profile around spatial pixel 10. This type of emission, first
observed by HRTS, is referred to as an explosive event.

The loose definition of the spectral signature of explosive events introduces a wide vari-
ety of line profile shapes that can be included in the explosive event category. A sample of
these line profiles (solid) is shown in Figure 2.2 along with a thermally and nonthermally
broadened Gaussian function (dashed) that would be considered a normal (non-event) line
profile. These are the line profiles associated with spatial pixel 10 of the spectra shown in
Figure 2.1. Profile (a) is not notably broadened or skewed, and so would not immediately
be considered an explosive event. The remaining profiles, however, are both broadened
and skewed to varying degrees. They illustrate the different line profile shapes that might
be associated with explosive events. From the HRTS data, it was noted that some events
showed very symmetric, yet extremely broadened line profiles, while others showed asym-
metric profiles with one wing clearly dominant (the blue wing dominant 60% of the time
— Porter & Dere 1991) or excess emission in one wing completely absent (Dere, Bartoe, &
Brueckner 1989).

The location of these explosive events were observed to be randomly distributed over
the solar surface, yet the shape of the line profiles (for instance, the degree of broadening)
was not dependent on the observing angle, as one would expect if the flows had a preferred
direction (such as radial). Hence the events were said to be “statistically isotropic” (Dere,
Bartoe, & Brueckner 1989). Explosive events were mainly observed in the edges of the
magnetic network lanes but were not generally associated with the strongest magnetic field
unlike most energetic phenomena (Porter & Dere 1991). Instead they most often occurred in
areas of mixed polarity near magnetic neutral lines (Chae et al. 1998). They did not exhibit
any proper motion along the slit (e.g., Brueckner & Bartoe 1983) which would indicate no
motion transverse to the line-of-sight.

The spatial and temporal scales associated with explosive events (~ 1,500 km and 60 s)
are similar to the spatial and temporal resolution of the HRTS spectrograph (~ 750 km
and 20 s). Significant changes in the line profiles were observed between two sequential
exposures. Also, explosive events were observed to recur in the same location repeatedly.
It is not clear, then, if the events were resolved by the HRTS instrument or if several events
with temporal and spatial scales much less than the spectrograph resolution were being
interpreted as a single event.

The global birthrate of the events, R (events s™!), describes the number of new events
occurring per second. It is defined as

R= NOAsun

7 Agliy 28)
where Ny is the total number of events counted in the observation time 7, Agy, is the total
solar surface area (47rr52un where rgn is the solar radius), and Agj; is the deprojected area
of the slit. Basically, it multiplies the number of events observed per second during the
observation time by a “spatial coverage factor.” Brueckner and Bartoe (1983) first found a
global birthrate of 753 events s~! estimated from the data of the first three HRTS flights.
Dere, Bartoe, & Brueckner (1989) found a similar birthrate of 600 events s~ ! using the same
method. Cook et al. (1988) reported a birthrate significantly lower than these two values
(44 events s !) but used an incorrect definition of birthrate in their estimate. Note that
the total number of events observed, Ny, is influenced by the event detection technique.
For HRTS data, events were identified by visual inspection of the photographic prints (e.g.,
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Figure 2.1: Examples of sequential spectra (a-f) of the C TIT 977 A line exhibiting explosive
event characteristics around spatial pixel 10. These observation were taken with the SUMER
instrument on 1996 May 10.
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Figure 2.2: Corresponding line profiles (solid) of the C IIT 977 A line spectra in Figure 2.1
associated with spatial pixel 10 along with a thermally and nonthermally broadened Gaus-
sian function (dashed) that would be considered a normal, non-event line profile.
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Cook et al. 1988). [Brueckner & Bartoe (1983) and other references did not explicitly state
the event selection method, but it is assumed that it was also by direct examination of
the photographic prints.] This implies that only large, easily distinguishable events were
selected. Hence, the birthrate reported from these studies represents only a lower limit on
the true birthrate.

The density of the explosive event plasma has only been measured twice using the density
sensitive line ratio method. Dere et al. (1991) examined a single explosive event line profile
in lines of O IV at approximately 1.7 x 10°> K. They found a density of 7 x 10'° cm™3, an
order of magnitude greater than would be implied by a constant pressure transition region,
7 x 10° cm™3. More recently, Doschek et al. (1998) have measured the density in a single
O IV event profile emitted from an active region. They, again, found a very high density
1 x 10'2 cm™2 (implying a pressure of 2 x 10'7 K ¢cm™3), but they felt this one explosive
event profile was atypical and the result should not imply that all explosive event plasmas
have such a high density.

A large volume of literature has been published detailing the explosive event charac-
teristics observed by HRTS (Brueckner & Bartoe 1983; Dere, Bartoe, & Brueckner 1986,
1989; Cook et al. 1988; Dere et al. 1991). Dere (1994) reviewed these previous works and
published the average (or median) values for typical characteristics such as length, lifetime,
birthrate, and global “steady-state” number, Ngiopal. The steady state number is found by
multiplying the global birthrate by the average lifetime of the events, g, i.e.,

Nglobal = RE (29)

Table 2.1 summarizes these characteristics. Though other UV and EUV spectrometers
have observed explosive events (most notably, the Solar Ultraviolet Measurements of Emit-
ted Radiation (SUMER) telescope and spectrometer), the HRTS results remain the most
complete characterization of explosive events.

2.3 The Acceleration Mechanism

Explosive events are most often observed to occur in the magnetic network lanes at
the boundaries of supergranular cells near magnetic neutral lines during times of magnetic
cancellation (Porter & Dere 1991; Chae et al. 1998). They have also been associated with
the emergence of new magnetic flux (e.g., Dere et al. 1991). Because of these associations,
explosive events are thought to be the products of magnetic reconnection, specifically mag-
netic cancellation of the photospheric fields with either emerging flux (Dere et al. 1991) or
dissipating active region flux (Porter & Dere 1991).

This reconnection mechanism is very similar to the one discussed in Chapter 1 for
nanoflares with the main difference being one of magnitude. The reconnection that is
thought to drive nanoflares takes place between two filaments with a spatial scale of 102 km,
while the reconnection that accelerates explosive event plasma occurs between flux tubes
with a spatial scale of 10* km. A possible reconnection scenario is shown in Figure 2.3
(based on a hypothesis by Dere et al. 1991). The new magnetic flux emerging from the su-
pergranular cells is driven toward the stationary field in the network lanes by supergranular
flows. If the driven flux is of opposite polarity to the stationary flux, the fields reconnect
driving a bi-directional jet of plasma away from the reconnection point. This type of bi-
directional jet would explain observations of simultaneous offsets of the red and blue wings



Table 2.1: Explosive event characteristics as observed by HRTS (Dere 1994).

Profiles Average Doppler shift velocities of 100 km s~!
Asymmetric profiles
Motions along slit rarely detected

No center-to-limb variation: statistically isotropic

Spatial Scales 1,500 km

Evidence for smaller scales

Time Scales Average lifetime = 60 s

Evidence for repeatability

Temperature Maximum brightness at 105 K
Rarely seen in chromospheric lines

Occasionally seen in coronal lines

Birthrate 600 events s~1

Quiet Sun and Coronal Holes

Steady-State Number 36,000 events
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Figure 2.3: Reconnection scenario based on Dere et al. (1991).
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of explosive events along the spectrograph slit (Dere, Bartoe, & Brueckner 1989; Innes et
al. 1997).

Though it is generally agreed that changes in the magnetic field must be somehow
connected to the energy release in the solar atmosphere, it is not clear that a simple magnetic
reconnection scenario can explain all the observational elements associated with explosive
events. For instance, events occur on the time scale of 60 s and spatial scale of 1,500 km,
while photospheric cancellation occurs on time scales of hours and spatial scales of 5,000
10,000 km (Livi, Wang, & Martin 1985). These scales have been reconciled by assuming that
the reconnection occurs in a bursty manner in intervals along the neutral line of cancellation
(Dere et al. 1991). This is consistent with the fast reconnection model suggested by Petschek
(1964; Priest 1982). In this model, the reconnection time is found by

L
CVyp’
where L is the characteristic length of the reconnection, C' is a constant between 0.01 and
0.1, and V4 is the local Alfvén speed. With a characteristic length of 1,500 km and Alfvén
speed of 100 km s~1, the reconnection time would be 150-1,500 s.

Another difficult observational element to explain using a simple reconnection scenario
is the lack of center-to-limb dependence of the explosive event profiles. If most coronal
loops have a similar geometry (such as the uniform twist field), then the bi-directional
jet product of magnetic reconnection would have a preferred direction (such as radial).
However, Karpen et al. (1998) have shown through MHD modeling that the direction of
these flows is determined by the shear and geometry of the reconnecting field. The flows
need not have a preferred direction, but instead depend only on the unique structure of the
local magnetic field.

One puzzling observation is the absence of motion of an event along the spectral slit
(i.e., transverse to the line-of-sight). An average explosive event with a maximum velocity
of 100 km s~! should traverse 6 x10® km (or 8”at sun center) in its lifetime of 60 s. If
even a small component of the velocity was directed along the slit, the propagation of the
explosive events would be detected with the spatial resolution of the HRTS spectrograph
(1"). However, only rarely has motion along the slit been detected (Brueckner & Bartoe
1983; Dere, Bartoe, & Brueckner 1989). One explanation commonly accepted is that the
accelerated material is being heated or cooled and is no longer visible in the original spectral
line (Dere, Bartoe, & Brueckner 1989). The cooling timescale of a transition region plasma
at 10° K (2 s) is much less than the temporal resolution of the HRTS instrument (20 s);
therefore, this hypothesis is plausible.

Accepting the hypothesis that explosive events are caused by magnetic reconnection,
the local magnetic field strength can then be found. Most models suggest that during
reconnection, plasma is ejected at approximately the local Alfvén speed,

Vae—D (2.11)

(47p)?
where B is the local magnetic field strength and p is the mass density of the plasma (Dere et
al. 1991). This is a useful tool to find the local magnetic field strength associated with the
reconnection. For a mass density typical of that in the solar transition region and Alfvén
speed of 100 km s~ !, the local magnetic field annihilated to accelerate the explosive event
would be approximately 5 G. The magnetic field strength measured at the photosphere is
10-1,000 G, so this amount of field is physically realizable.

TR = (2.10)
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2.4 Energy Release

The large nonthermal broadening and asymmetries exhibited by explosive events led
to speculation that they are associated with significant mass and energy flows and perhaps
could be the elusive coronal heating source. Brueckner & Bartoe (1983) first estimated the
turbulent energy flux associated with typical events from the line widths observed during
the first three HRTS rocket flights. They found an average energy flux contribution to the

global solar atmosphere using
. exinVR
Jglobal = ;;1 ; (2.12)
sun

where V' was their estimate for the total volume of the plasma element (related to the
resolution of the spectrograph) and R was the global birthrate. The average kinetic energy
density of the events, e, (ergs cm™2), in Equation (2.12) was found by ein = & pv2, with
v? found from the average width, o, of the event line profiles [cf. Equation (2.6)]. (Note that
they used this definition of the width to find the average velocity even though the intensity
of the explosive event line profiles was non-Gaussian.) They assumed a mass density typical
of that in a constant pressure transition region and a filling factor of unity. Based on this
method, they determined that explosive events represented an energy flux into the corona
of 9 x 10% ergs cm 2 s~ !, insufficient by at least an order of magnitude to meet coronal
heating requirements, viz. 3 x 10° ergs cm~2 s~! (Withbroe & Noyes 1977).

A second estimate of the energy associated with explosive events was done by Cook et al.
(1988) from a spectral survey using the HRTS instrument aboard Spacelab 2. They calcu-
lated the energy flux contribution of a single explosive event to the global solar atmosphere
and multiplied it by the steady-state number of events, Ngopal, i-e.,

nenHP(T)V n %’I’Lk‘TﬁAE n %pﬁsAE } , (2.13)

Jglobal = Nglobal
Asun Asun Asun

where Ag is the area of the event and the first term in the bracket on the right hand side is
the radiation term, the second term is the thermal enthalpy flux, and the final term is the
kinetic energy flux. In Equation (2.13), P(T) is the radiative loss function around 10° K
(~ 1072 ergs cm? s™!). The average velocity, 7, was again derived from the width of the
distribution [cf. Equation (2.6)]. They found the energy flux to be 2.5 x 10* ergs cm=2 s~
still ~ 10 times too small to be significant for coronal heating.

Both of the above estimates of the energy flux associated with explosive events are
inadequate approximations. Both have assumed the energy flux depends solely on the
velocity associated with the width of the line profile, v2. Yet, as will be shown in this
dissertation, the true measurement of energy flux scales with v3.

2.5 The Need for a Better Method

The majority of information known about explosive events originates from the ten
HRTS data sets. Though this information is invaluable to the present understanding of
explosive events, several advances can be made using a more complete data set and improved
analysis techniques. This dissertation endeavors to improve upon several areas of analysis
concerning explosive events and address 1) whether explosive events are important to the
global energetics of the solar atmosphere and 2) if their distribution as a function of energy
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implies that smaller, undetectable events may have an effect on the energy balance of the
solar atmosphere.

A correct estimate of the energy flux carried by individual events requires a more careful
consideration of the energetics than the first-order approximation based on the characteristic
velocities used by Brueckner & Bartoe (1983) and Cook et al. (1988). As will be derived
in Chapter 3, the energy flux can only be accurately calculated from the bulk velocity
distribution function of the plasma. Using a new analysis technique previously developed for
the analysis of soft X-ray line profiles, the Velocity Differential Emission Measure (VDEM)
(Newton, Emslie, & Mariska 1995), the bulk velocity distribution can be found. With an
accurate measurement of the energy flux, the importance of explosive events to the energy
balance of the solar atmosphere can be addressed.

A complete evaluation of the global energetics associated with reconnection events must
consider the distribution of event sizes, ‘;—% (events erg=! s71), and in particular whether this
distribution has a power-law index, « [‘é—g ~ E~%], greater or less than 2 (Hudson 1991). As
discussed in Chapter 1, an index greater than 2 could imply that small, undetectable events
(nanoflares) are the source of atmospheric heating. The HRTS data set was not extensive
enough for a statistical number of events to be observed and hence this index has yet to
be determined. Moreover, the method of selecting events utilized with the HRTS data is
inadequate to develop an accurate distribution of events as a function of energy. If only the
large, easily distinguishable events are analyzed, the distribution would not well represent
the low energy events. A new method of selecting events based on comparing a line profile’s
measured width and skewness to statistically significant cutoff values will be introduced in
Chapter 4.

To complete these goals, the most recent spectral data from the Solar Ultraviolet Mea-
surements of Emitted Radiation (SUMER) telescope and spectrometer will be used. The
SUMER instrument has spatial and temporal resolution similar to that of the HRTS in-
strument, but it provides an extensive data set so that a statistically significant number of
events can be analyzed.



CHAPTER 3

MEASURING THE ENERGETICS OF EXPLOSIVE EVENTS

This chapter introduces a new method for measuring the energy flux of a dynamic tran-
sition region plasma from an explosive event line profile. The first section reviews how
to measure the energy flux from the bulk velocity distribution of the plasma, a function
that describes the fraction of fluid flowing with a given velocity. Also in this section, the
four components of energy flux (the kinetic energy flux, the thermal enthalpy flux, the
nonthermal enthalpy flux, and the “high-energy” component) are derived from the general
definition of energy flux and their physical interpretations are discussed. To accurately eval-
uate the energy flux, the temperature, density, filling factor, and bulk velocity distribution
of the plasma must be known. In Sections 3.2 and 3.3, the procedures for determining or
approximating these values from an explosive event line profile are introduced including a
method of approximating the bulk velocity distribution with the Velocity Differential Emis-
sion Measure (VDEM) function. The robustness of using these approximations to find the
energy flux will be characterized in Section 3.4 and the resulting data restrictions on useful
data sets will be summarized in Section 3.5.

3.1 The Energy Flux of a Transition Region Plasma

As discussed in the last chapter, a more complete analysis is needed to address the
importance of transition region dynamics on the energy balance of the solar atmosphere.
To calculate the energy deposited in the corona or chromosphere by reconnection events in
the solar transition region, the energy flux of the events must first be accurately measured.
It is important to measure the energy fluz of the events (proportional to v_3), as opposed to
simply the energy of the events (proportional to ’U_Q), because the interest lies in how much
energy travels out of the transition region and into the other areas of the solar atmosphere.
It is this dependence on the third moment of the velocity that makes the energy flux a diffi-
cult quantity to measure. Furthermore, classical (and commonly accepted) approximations
for the energy flux are no longer valid when treating the highly dynamic (non-Maxwell-
Boltzmann) plasmas associated with explosive events. Therefore, a full treatment of the
energy flux equation is required.

Before discussing the specific methods of measuring the energy flux associated with
explosive events, it is appropriate to review the energy flux equations derived from a given
particle’s velocity distribution function, fparticte(#) ((cm s™')~3). Formally, the energy flux
associated with particle species, i, in a given volume can be written as

JE = §pi(v -0 = / Epi('u - U)U fparticle,i (V) dU (3.1)
(Krall & Trivelpiece 1986), where p; (g cm~3) is the mass density of the particles. In
Equation (3.1), fparticle,i(¥)d¥ describes the fraction of particles with a velocity between
and v+ dv where, assuming cylindrical symmetry, v’ = v, #+v| 2. If there are several species
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of particles in the plasma, the energy flux must be found for each species individually. The
total energy flux of the plasma would then be the sum of these constituent energy fluxes. As
a way to concisely describe the energy flux associated with a multi-species plasma in thermal
equilibrium, we introduce the bulk velocity distribution. The bulk velocity distribution
function, fyu(?) ((cm s7!)~3), represents bulk, fluid flows in the plasma but contains no
information on the thermal motions of the constituent ions. It is related to a constituent
particle’s velocity distribution function through the convolution

Frarticlei(®) = / Foutk(5") fons (5 — ') d", (3.2)

where fi; ((cm s71)73) is the distribution of particles’ velocity that arises from the tem-
perature of the ion in question as opposed to the bulk fluid motion. The thermal velocity
distribution can simply be considered a thermally broadened Gaussian function,

(7=v")2
]- - 21)2

fthj = ————=e thi | (3.3)
l (27Wt2h,i)3

where vy, ; = \/g is the thermal velocity and m; is the mass of the particle. The de-
pendence of this thermal function on the mass of the particle results in a different particle
velocity distribution for each constituent particle in the plasma. However, the bulk distribu-
tion function is the same for all components of the plasma. Assuming the bulk flows in the
plasma are confined to be along a single “parallel” direction (i.e., aligned to the magnetic
field such as in a bi-directional jet scenario introduced in Chapter 2), the bulk velocity dis-
tribution is cylindrically symmetric and separable, i.e., foux(vi,v)) = fi(vL)f)(v)) where
f1(v1) ((cm s71)72) is the perpendicular bulk velocity distribution and f}(v)) ((cm s™!)~1)
is the parallel bulk velocity distribution. The average of any function of the bulk flows, Q,
can then be found by

+o0 S +oo
QvL) =/0 Q) fi(vy)2mvy dvy; Q(y)) =/_OO Q) fii(v) dvy. (3.4

Substituting Equations (3.2) and (3.3) into Equation (3.1) and reversing the order of
the integration, the average energy flux carried by a plasma can then be written as

Jg = g'ynkT'D'—i— %’yp (v-0)v [ergscm™2s71], (3.5)
where the average represented by the bar is now over the bulk velocity distribution, fiyx, of
the fluid. In Equation (3.5), ¥ is the bulk velocity, T is the plasma temperature, n (cm™3)
is the number density of the constituent particles, and p (gm cm™3) is the mass density of
the plasma (as opposed to that of the constituent particle, p;). In the case of a transition
region plasma, n = ne+ny+ npe and p = Mene +munyg + MueNme, Where ne is the electron
density and m, is the electron mass, ny is the hydrogen density and my is the mass of a
hydrogen atom, and nye is the helium density and my, is the mass of a helium atom. A
volumetric filling factor, 7, has been empirically added to Equation (3.5) to account for the
filamentary structure of the solar atmosphere.

The first term in Equation (3.5) is the thermal enthalpy flux and the second is the total
nonthermal energy flux. If, for instance, the particles of the plasma were in a Maxwell-
Boltzmann velocity distribution moving with a mean speed, u, then the energy flux in
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the direction of the motion would reduce to the classical kinetic energy flux of the fluid,
%7pu3, plus the thermal enthalpy flux, %nkTu. These two terms constitute the classical
approximation for the energy flux of a fluid. However, when a plasma, is associated with a
line profile that is nonthermally broadened and non-Gaussian (implying that the velocity
distribution of the emitting plasma is not Maxwell-Boltzmann), the final term in Equation
(3.5) cannot be simplified to ypu?.

Applying the assumption that the plasma is confined to move along a single “parallel”
direction (i.e., the bi-directional jet scenario), Equation (3.5) simplifies to

: o b LN S
g = / - ifynk:Tv” + E’yp('uj_v” + v”) dv
U”——OO
S am— 1 5 3
— §7nkTUH + E'yp('uj_v” + v”), (3.6)
where jg is the energy flux along the direction of motion, E = 0+°° v2 fi(vy)2mv) dvy,

and the filling factor, density, and temperature are taken to be essentially constant (an
assumption that will be critically analyzed in Section 3.4). Now employing the equation for
mean skewness,

(o =73 = vif = 37 (v} —7°) — 77", (3.7)
and substituting into Equation (3.6), the energy flux can be reduced to four components:

, 5 1 - 1 _ __ __ ———3
o = KT+ 570G + 10 {77 + U o) + oy )’}

1 55 1 = 3 —= 5] _

= 57’00“3 + §7nkT'u|| + [Efypvi + 5')//)('02‘ — fU”?) 7|

—— S~——— O -~ _
A B C

+ 5ol =)’ 39

|
D

(Winebarger et al. 1999). These four terms will be discussed in detail below.

Term A in Equation (3.8) represents the kinetic energy flow of the plasma in the direction
of motion. It is associated with the mean bulk velocity of the plasma, 7). Term B is
the thermal (internal) enthalpy flow (the advection of the thermal energy in the plasma,
%nkTv_H, and the work required to move this energy, nkT7)). As stated above, these two
terms together comprise the classical approximation for energy flow in a fluid. Term C is
here termed the nonthermal enthalpy; it contains both parallel and perpendicular terms.
It is the advection of the the energy associated with the plasma’s nonthermal velocities.
Finally, Term D in Equation (3.8) is the “skewness” in the velocity distribution and is
here termed the “high-energy” component. A large contribution from this term implies
that particles in the tail of the distribution are carrying disproportionately more energy
than the particles in the bulk of the distribution. For an extremely broadened or skewed
distribution (thus for dynamic transition region plasma), the last two terms are significant,
thus the energy flux cannot be accurately estimated with the classical approximation.

To find the energy flux and its components, the first three moments of the velocity must
be known. These moments can be found from the bulk velocity distributions [cf. Equa-
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tion (3.4)], ie.,

_ +oo k — +o0 k
ok :/0 v fi(vy)2mvidog; vﬁ = /_ v fi(v))) dvy. (3.9)

Because the limits on the integral of the parallel moments in Equation (3.9) are from
—00 to 400, the quantity jg found through Equation (3.6) represents the net energy flux
flowing through the region under observation. It is also desirable to measure the energy flux
traveling in a single direction, either toward or away from the observer. This is accomplished
by separating the parallel moments of the velocity into the positive and negative parts, i.e.,

00 0 .
U{T :/0 Uﬁf”(’UH)dUH +/_OO Uﬁf”(’l)”)dvn = |I|€+ -I-’U|]|c_, (3.10)

where (+) represents the velocity component moving toward the observer and (—) represents
the component moving away from the observer. The directional energy fluxes, jg+ and jg_,
can then be found from

. ) __ 1 —
IRt = EfynkTUHi + §7p(viv”i + Uﬁ:l:)' (3.11)

This separation into positive and negative energy fluxes further allows us to measure the
specific energy release rate associated with the explosive events: jspeciic = [JE+| + |7E—|
(ergs cm~2 s71). If the area under observation contains the original site of the explosive
reconnection, this quantity, when multiplied by the area of the event, gives the total power
created by the event. Otherwise, it is a measure of the rate of energy supply, in both
upward and downward directions, to that area. Table 3.1 summarizes the various energy
flux measurements. In this dissertation, Equation (3.6) and Equation (3.11) are used to
obtain the desired energy fluxes. The magnitude of the various terms in Equation (3.8)
are also computed for analysis. The kinetic energy flux, thermal and nonthermal enthalpy
flux, and skewed energy flux components can also be evaluated for the energy flux moving

toward or away from the observer by substituting v¥, or E for v in Equation (3.8).
y [+ ©F ¥ I

3.2 Measuring the Energy Flux of an Explosive Event

To measure the energy flux associated with an explosive event, several quantities, such
as density, temperature, and the moments of the velocity distribution, must be known or
estimated from the available data. Because explosive events are observed as broadened or
skewed spectral lines, this section begins with a brief review of the fundamentals of spec-
tral line emission and observation. Then, the method of finding the density, temperature,
and filling factor of the emitting plasma, and the velocity distribution perpendicular to the
direction of motion, f,(71), will be discussed. The technique to estimate the first, sec-
ond, and third moments of the parallel velocity distribution using the Velocity Differential
Emission Measure will be introduced in the next section.

When a bound electron of an excited ion decays to a lower energy state, a photon is
emitted. The wavelength associated with the photon emitted from a ion at rest, which is
called the rest or laboratory wavelength, is found by A\g = %, where AF is the difference in
energy between the energy states of the electron, h is Planck’s constant, and c is the speed of
light. Observations of this type of emission from a volume of plasma form a given spectral
line. The intensity of the emission from a volume element at position, r, in the plasma



Table 3.1: Summary of physical quantities associated with the energy flux.

Quantity

Description

Parallel Moments of Velocity

Upward Moments of Velocity

Downward Moments of Velocity

vff = [T of fi(v)) dyy

v, = Jo"of fii(v)) dyy
v|k_

= 2o vf fi(vp) dyy

Energy Flux
Upward/Downward Energy Flux

Kinetic Energy Flux

Thermal Enthalpy Flux
Nonthermal Enthalpy Flux

Skewed (“High-Energy”) Energy Flux

Specific Energy Release Rate

j = SymkTT] + yp(o2 07 + o)
et = §ynkToz + 57p(v] T + vft,)

Jiin = 37OV

Jth = g’Y”kTU_H

- fi.,-2 3 2 2\ | —
Jnth = {ﬂpﬂu + 5vp(v) — 7 )} 7]
Jskew = %’yp(’l)” - U_H)B

jspeciﬁc = |.7E‘—|—| + |.7E*|
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source depends upon the square of the electron density, n?(r) (due to the predominance
of collisional excitation) and the line emissivity function, G(T'(r)) (photons cm?® s~!). The
emissivity function takes into account both the abundance of the emitting ion as a function of
the plasma temperature and the likelihood that the transition between the two energy states
will occur. For typical transition region species, G(T') is a narrow function of temperature
with a well-defined maximum. (For an example, see Figure 3.2 on page 39.)

An observed spectral line can be thought of as the convolution of the emission from many
different volume elements in the plasma. Some elements will be moving toward the observer,
others moving away from the observer, while some will have no line-of-sight velocity. If the
volume element of plasma is moving toward or away from the observer with a given line-
of-sight velocity, vios, the emitted wavelength is shifted by an amount A — A\g = —™e2 ),
where a velocity toward the observer is defined as positive and results in negative shift in
the wavelength (i.e., the wavelength emitted by a volume element traveling towards the
observer is blueshifted). The resulting intensity, I()\) (photons cm™2 s™! A=1), can then be
expressed as

10 = 7 [[ [ 76 GT@) KO 100) ) (3.12)

(Newton 1996), where D is the distance between the Sun and the observer. The kernel
function, K (), vyes), describes the shape of the emission from each volume element as a
function of its line-of-sight velocity. An appropriate kernel might be simply a thermally
broadened Gaussian function centered on the line-of-sight velocity in question. (The kernel
function assumed in this dissertation will be fully discussed in Section 3.3 in terms of its
role in VDEM analysis.)

For transition region species, the temperature of the emitting plasma can be roughly
established through the emissivity function of the observed spectral line. As stated above,
the emissivity function is generally a narrow function of temperature. It is assumed, then,
that the temperature of the emitting plasma is the temperature where the emissivity func-
tion of a spectral line peaks. The electron density of the plasma can then be estimated
from the constant pressure assumption, i.e., n, = & where p =1 x 10'% K cm 3 (Mariska
1992). The density of hydrogen and helium are then found from their relative abundances,
i.e., ng = 0.83n, and nye = 0.083n, (Mariska 1992).

The filling factor, v, is again the ratio of the true volume of the emitting plasma to
the assumed volume based on the resolution of the instrument and scale height of the
atmosphere. The true volume of the emitting plasma can be estimated from the total flux
of the spectral line,

1 -
/ I = s 2G T Vire
Vie = —TD° [ 1ax (3.13)
T n2a(T) ’ '

where G(T) is the average emissivity of the ion (G(T) = 0.7[G(T)]max — Mariska 1992). The
true volume is proportional to n—12, so having an accurate measure of the average density of
the emitting plasma is essential to achieving an accurate estimate of the true volume. Yet,
for explosive events, it is very difficult to estimate the density of the emitting plasma. For
this study, the average density is simply assumed to be associated with constant pressure;

hence, the resulting measurement of the true volume of the emitting plasma is extremely
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prone to unavoidable systematic errors. The assumed volume is generally taken to be
Vassumed = LHp, where ¥ is the area under observation (typically the resolution of the
spectrometer) and Hj is the scale height of the plasma. (For this study, the scale height
was found from the constant conductive flux assumption discussed in Chapter 1 [cf. Equation
(1.10)].) Therefore, the filling factor is further dependent on an assumed scale height of
the atmosphere. Combining Equation (3.13) and the assumed volume, density, and average
emissivity function, the filling factor is
m_;ﬁ% [I(N)dA

_ max , 3.14
y S, (3.14)

Assuming a scale height or density that is much less than the true value would result in
a (physically unrealistic) filling factor greater than 1. The implications on the results of
the possible systematic errors associated with this measurement of the filling factor will be
addressed in Chapters 5 and 6.

One advantage of using spectral data is that the shifts in the spectral lines provide
information on the bulk flows present in the emitting plasma. However, the Doppler shift
velocities are only representative of the motion along the line-of-sight and, hence, provide
no information about motion perpendicular to the line-of-sight. For simplicity, then, the
direction of motion (“parallel” as discussed in Section 3.1) is assumed to coincide with the
line-of-sight. Perpendicular to the line-of-sight, only “normal”, turbulent transition region
motions are assumed to occur. This would imply that the perpendicular bulk velocity
distribution is a Gaussian function with the width associated with the “normal” turbulent
velocity, ¢ [cf. Section 2.1}, i.e.,

o

fr(vy) = #6_26 :

N

(3.15)

(The method of determining this nonthermal velocity from non-event profiles is discussed
in Chapter 5.) To evaluate the energy flux [cf. Equation (3.6)], the average width of the
perpendicular velocity distribution, vﬁ_, must be known. Integrating this quantity over the

perpendicular velocity distribution given in Equation (3.15) gives

2

I 1 “+00 v

2 = — Te % 2rv dv,d 3.16

v] 271_52/”_01“_6 vy dv, de (3.16)
= 262

Hence, the width of the perpendicular velocity distribution is directly related to the velocity
of the turbulent motions in the transition region plasma.

3.3 The Velocity Differential Emission Measure

Establishing accurate values for the density, temperature, and filling factor of the
emitting plasma, and the width of its perpendicular bulk velocity distribution is important
for estimating the energy flux of a dynamic plasma. However, the energy flux is essentially
defined by the moments of the parallel bulk velocity distribution. Hence, the the accuracy
of the measured energy flux depends upon the ability to measure these moments. One way
of doing this is by examining the spectral lines emitted by ions in the plasma. If the plasma
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is moving toward (away) from the observer, the spectral line will be blueshifted (redshifted).
By examining these shifts in the spectral lines, it is possible to glean information on the
bulk flows of the emitting plasma.

The spectral lines emitted at transition region temperatures come from highly ionized
trace elements, such as oxygen, carbon, nitrogen, and neon. These elements make up less
than 0.1% of the particles in the solar atmosphere, and hence do not constitute a large
percentage of the total energy flux associated with explosive events. Instead, hydrogen,
helium, and electrons, which make up 99.9% of the particles in the solar atmosphere, are
respousible for most of the energy flux, yet there is no way of directly observing these fully-
ionized particles. It is therefore necessary to derive the bulk motions of the plasma from
the spectral lines of trace elements and assume they apply to the bulk motions of all the
ions in the plasma. However, the observed spectral lines of the trace elements are not only
broadened by bulk flows in the plasma, but also by thermal motions of the emitting ion.
These thermal motions do not reflect the general velocities of the plasma. A function that
removes the thermal information and quantifies the bulk motions in the spectral line is the
Velocity Differential Emission Measure (Newton, Emslie, & Mariska 1995; Newton 1996).

Previous attempts to describe the motions of the plasma emitting non-Gaussian profiles
have usually employed techniques such as double-Gaussian fitting (e.g., Antonucci et al.
1982, in an analysis of soft X-ray line profiles). This six-parameter (position, amplitude
and width of each component) technique essentially assumes that the plasma is composed
of two fluid elements, each consisting of particles with a Gaussian velocity distribution of
parametric width. One fluid element (corresponding to the emission centered near the rest
wavelength of the line) is considered to represent the near-stationary bulk of the emit-
ting plasma, and the other is considered to be moving at a mean speed, given by the
Doppler wavelength shift between the centroids of the components. The excess width of
each component (over the thermal Doppler width) is dealt with by parametrically invoking
a “nonthermal turbulent velocity,” which could represent either microturbulence within the
emitting element or velocity gradients across the volume observed.

Such parametric fitting techniques can only approximate the characteristics of the emit-
ting plasma (especially quantities, such as the energy flux, which are functions of higher
order moments of the velocity distribution) when significant line asymmetries are present.
To overcome this limitation, Newton, Emslie, & Mariska (1995) introduced a new diagnos-
tic, the Velocity Differential Emission Measure (VDEM), which admits a continuum of fluid
elements, each a shifted Gaussian distribution of thermal width (or other appropriate kernel
function).

A VDEM function is a measure of the emitting power of a portion of the atmosphere
traveling with a given line-of-sight velocity. Formally, it is defined by

ds

VDEM(vyes) = n2 G(T) .
0s

[photons s™! cm™2 (cm s™')7']. (3.17)
(For a more general definition of VDEM, see Newton, Emslie, & Mariska 1995.) The VDEM
function is related to the observed intensity [cf. Equation (3.12)] of the emitted line through

Yy
N = g2

/ VDEM (v105) K (A, v10s) d1cs. (3.18)

In the case of the transition region species analyzed in this dissertation, the kernel func-
tion, K (), vies), is assumed to be a thermally-broadened Gaussian function centered on the
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wavelength corresponding to the line-of-sight velocity in question, i.e.,

1 A — Ag[1 — BesT)2
K(\, vjps) = ———exp l—( 02[ = ) ] (3.19)
\/2mod 9K
(Newton 1996), where
Ao KT
oK = o = 4|2, (3.20)
C myi

k is Boltzmann’s constant and m; is the mass of the emitting ion. The kernel function
could also be expanded to include the nonthermal velocity, ¢ [cf. Equation (2.7)], associated
with the turbulence typical to transition region plasmas. (See Newton 1996 for details on
including a nonthermal velocity term in the kernel function.) The plasma in the transition
region, however, exhibits a range of nonthermal velocities; hence, assuming a single value for
the nonthermal velocity could introduce systematic errors into the energy flux measurement.
For this reason, the kernel function is chosen to simply be a thermally broadened Gaussian
function (Equation (3.19)). This implies that any turbulent velocity information will be
contained in the VDEM function.

Deconvolving the kernel function, K (A, v)s), from an observed line profile, I()), pro-
duces the corresponding VDEM function. The deconvolution procedure was thoroughly
discussed by Newton, Emslie, & Mariska (1995) and Newton (1996) in the context of X-ray
spectra observed during solar flares. For the reader’s benefit, it will briefly be reviewed
here.

In Equation (3.18), I()) is the line profile, VDEM(v)45) is the source function, and
K (A, v105) is the kernel function. Properly discretized, Equation (3.18) can be written as
the matrix equation A -f = g, where f represents the VDEM, g represents the observed line
profile, 47 D?I, and A represents the kernel function, K. The inversions of such equations
are generally unstable; however, several techniques exist to overcome the instability.

One such technique is a linear regularization method. This technique optimizes the
trade-off between reducing x? errors and constraining the source function with a smoothing
parameter. The source function, f, is found by minimizing

IA-f-g|”+q|D-f]? (3.21)

where the first term in Equation (3.21) is the squared residual, ¢ is a smoothing parameter,
and D is a smoothing operator. By including a smoothing parameter and operator, some
additional constraints are incorporated into the inversion process. Incorporating these con-
straints is necessary to stabilize the results, yet careful consideration must go into choosing
these parameters to minimize their effects, discussed below.

Taking the derivative of Equation (3.21) with respect to f, the inversion reduces to

(AT A+ ¢H)-f=AT . g, (3.22)
where H = DTD. This can be solved for f, i.e.,
f=(AT.A+qH) 'AT . g. (3.23)

The uncertainties in the resulting VDEM can be found from

EVDEMi = \/[(AT A+ qH)_lAT . A(AT A+ qH)_l]iZ-ei, (3.24)
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where ¢; is the uncertainty in the data associated with bin, 7. (For more information on the
derivation of uncertainties, see Newton 1996.)

The smoothing operator, D, is chosen so that, if f follows an expected functional form,
D - f vanishes. Because it is believed f (i.e., VDEM) is well-represented by a piecewise
quadratic function, D is chosen to be the third derivative operator, i.e. D-f = ", or, using
the central difference formula:

(0 3) +3f (v 1) = 3f Wy 1) + F(4 )

(D £)p = " (vm) = o 2 (3.25)

Use of such a smoothing operator essentially forces the solution toward a piecewise quadratic
function. The degree of this forcing is determined by the magnitude of the smoothing
parameter. (Note that the width of a velocity bin, Av, in Equation (3.25) is dictated by
the width of the spectral bin, A\, in the original data, i.e., Av = cﬁ—g‘.)

The smoothing parameter, g, controls the degree of forced smoothing in the solution.
If the parameter is too large, the returned VDEM function would be overly smooth and
information present in the original data would be lost. If ¢ is too small, artifacts from the
inversion process could permeate the resulting VDEM. An optimal value for the smoothing
parameter would highlight real, interesting structure, while suppressing artificial struc-
ture. One method of determining this optimal value is by minimizing the generalized
cross-validation (GCV) function. This function has been approximated (Golub, Heath, &
Wahba 1979) by

lg—A-f]2

GOV = [T A(AT- A + qH) AT (3.26)

where I is the identity matrix. The numerator in Equation (3.26) is the x? residual between
the original intensity, g, and the forwardly-convolved intensity found from the VDEM func-
tion, A - f, while the denominator is known as the equivalent degrees of freedom for error,
which is related to the degrees of freedom in the actual data and the inversion techniques.
(For more information, see Golub, Heath, & Wahba 1979; Newton, Emslie, & Mariska
1996.) This function basically measures the difference between the original data and the
data predicted by the VDEM function given the degrees of freedom admitted by the data.
Minimizing this function will ensure that the VDEM accurately reflects the original data.
The merits and performance of the GCV function in inverse problems were explored by
Barrett (1996). This technique for finding the optimal smoothing parameter was utilized
for this investigation.

Deconvolving the kernel from an observed line profile produces the corresponding VDEM
function. Figure 3.1 (a) displays a sample spectrum of the O VI 1032 A line. The arrow
notes a spatial pixel exhibiting nonthermal broadenings and a strong blue-wing asymmetry.
The intensity of this spatial pixel is shown in Figure 3.1 (b), while Figure 3.1 (c) shows the
VDEM returned from deconvolving the line profile using this discretized inversion procedure.
(Note the velocity axis of the VDEM function has been reversed so that positive (upward)
flows corresponds to the blueshifts observed in the line profile in the plot above it.)

A line profile is broadened by both thermal and nonthermal motions of the emitting
plasma. By deconvolving the line profile using a thermally broadened kernel function, the
thermal information is removed. Therefore, as stressed earlier, a VDEM function does
not contain any information on thermal velocities, only on bulk flows of the fluid along
the line-of-sight. By assuming the line-of-sight coincides with the direction of motion (an
assumption that will be tested in Section 3.4), a normalized VDEM function is related to
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Figure 3.1: (a) A SUMER spectrum of O VI 1032 A line taken on 1996 May 10 at sun
center. The horizontal axis is the dispersion pixel number and the vertical axis the spatial
pixel along the slit. The arrow points out spatial pixel 26 that exhibits explosive event
characteristics. The line profile associated with this pixel is shown in (b). The VDEM
function recovered from this line profile is shown in (c).



37

the parallel component of the bulk velocity distribution such as in Equation (3.9). However,
the returned VDEM is proportional to the emission of the ion which scales not as n (which
weights the bulk velocity distribution), but as n?G(T). Thus, if the ion exists over a large
range of densities and temperatures (such as for soft X-ray lines formed in the corona), the
averages represented in Equation (3.9) are not easily translated into moments of the VDEM
function. However, the emission from a given transition region line is over a relatively narrow
range of temperature and hence density. Therefore, it is assumed that the parallel moments
of the velocity can be calculated by weighting with the normalized VDEM function instead
of f”

— fvﬁ VDEM(v))) dyj,

~ [ VDEM(uv)) dyj

U
Uncertainties in the VDEM function (which are proportional to the uncertainties in the
line intensity) and in the velocity array associated with the VDEM function (which are
related to the uncertainties in the wavelength associated with each spectrum) contribute to
the uncertainties in the moments of the velocity distribution, and hence, in the energy flux.
The magnitude of possible systematic errors associated with approximating the parallel
bulk velocity distribution with the VDEM function will be addressed in Section 3.4.

(3.27)

3.4 Limitations of the VDEM Approximation

Counsiderable systematic error may be associated with using a normalized VDEM func-
tion in lieu of the actual parallel velocity distribution to find the moments of the velocity
[cf. Equation (3.27)]. These errors restrict the data that are suitable to be analyzed using
the VDEM method.

Let us first deal with two relatively trivial examples where the VDEM function fails
to give an adequate representation of the bulk velocity distribution. Often two spectral
lines are blended to the point that they are indistinguishable from one another. A VDEM
function deconvolved from a blended line profile would then not represent the motions of the
plasma at the temperature of interest. In fact, Equation (3.12) is no longer representative
of the line intensity. This simple example implies a clear restriction: for a returned VDEM
function to be a measure of the bulk motions of the plasma, the spectral line under study
must not be blended with any other spectral line. [The exception to this argument occurs
when the emission of both spectral lines originates from a single volume of plasma, and
hence are both well-described by a single VDEM function. In this situation, a modified
kernel function can be used and a single VDEM can be deconvolved from the two blended
lines (Newton 1996).]

Also, because VDEM only returns information about the velocity distribution along the
line-of-sight, the assumption that the line-of-sight direction coincides with the direction of
motion of the reconnection event is necessary. This idealized geometry implies the absence
of a deprojection factor (which would always be greater than 1) in the resulting energy flux.
As a result, the energy flux thus determined is a lower limit to the true value. Note, however,
that this unknown deprojection factor would not change the sign of the energy flux, except
in cases where, for example, an upward flow direction constitutes a motion away from the
observer (such as motion near the limb along a field line which is angled significantly away
from the local vertical.) To ensure that a positive value for the energy flux implies motion
toward the observer and into the corona, it is necessary that the measurements be taken
near sun center.
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The magnitudes of two other systematic errors are not easily quantified and must be
addressed through numerical simulations of line profiles and theoretical predictions of the
VDEM function given an initial temperature and density structure of the emitting plasma.
Each will be discussed in detail below in the context of the O TV 790 A line which is formed
at 1052 K. The emissivity function associated with this line is shown in Figure 3.2 (a).
The emission of the line (n2G(T')) as a function of temperature is shown in Figure 3.2 (b),
assuming the line is formed at constant pressure, i.e., ne = & where p =1 x 10" K cm?.

3.4.1 Systematic Errors Due to a Low Number of Counts

Explosive events are short-lived, small-scale phenomena; observing them requires high-
cadence, high-resolution spectral data. A line profile taken from a high-cadence, high-
resolution spectrum is likely to consist of a low number of total counts (on the order of
102 counts per profile). Such a line profile may not well represent the emitting plasma.
It may have a spurious peak or wings that are indistinguishable from the background dis-
tribution. If an intensity is not well-defined, the deconvolved VDEM may not adequately
represent the line-of-sight velocity distribution. This implies that some minimum number
of counts must define a line profile before the deconvolved VDEM can be trusted. This
minimum count number will be established in this section using numerical modeling of line
profiles.

One problem with using low count data is the inability to define accurately the bound-
aries of the spectral line. The bulk velocity distribution of the emitting plasma is essentially
defined from —oo to +00. An observation of a spectral line emitted by this plasma, however,
will have specific wavelength values on either side of the rest wavelength that define where
the emission of spectral line becomes indistinguishable from the background continuum
emission. These border wavelengths imply that a deconvolved VDEM would be significant
only for a limited velocity range (as compared to the infinite velocity range of the bulk
velocity distribution). If a spectral line has a low number of total counts, its wings may be
well-blended with the background emission implying more severe limits on its deconvolved
VDEM function than a line formed by higher number of total counts.

Consider the parallel bulk velocity distribution function shown in Figure 3.3. Assume
this distribution is representative of the bulk velocities in a volume element in the solar
transition region with a uniform temperature of 10>? K. Some emission from this element
will be from the O IV ion, which is the dominant oxygen species at this temperature.
Figure 3.4 (a, ¢, & e) shows simulations of how O IV 790 A line profiles might appear
with no assumed background emission and 500, 1,000, and 3,000 counts defining them,
respectively. (The method of simulating these profiles is given in the Appendix.) The edges
of these simulated lines were taken to be the first spectral bin with no counts. [In real data,
the edges are generally taken to be where the intensity of the spectral line falls to the average
background intensity (for more information, see Section 4.5).] Figure 3.4 (b, d, & f) shows
the normalized VDEM functions deconvolved from each simulated line profile (solid) along
with the original velocity distribution (dashed). First, notice that the velocities for which
VDEM is defined increase as the number of counts increase. This is a function of the wings
of the profile being distinguishable above background as count statistics improve. Also, note
that the VDEM function for the 3,000 count line profile more closely matches the original
bulk velocity distribution than the VDEM function for the 500 count line profile. These
examples demonstrate that the normalized VDEM function is a better estimate for the
parallel bulk velocity distribution as the counts defining the line increase. These differences
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Figure 3.2: (a) The emissivity function, G(T'), associated with the O TV 790 A line and (b)
the emission associated with constant pressure, n2G(T').
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Table 3.2: A comparison of the moments of the velocity found from an assumed bulk velocity
distribution (“True”) and from the VDEM functions of three simulated line profiles [cf.

Figure 3.4].
Velocity Moments True 500 counts | 1,000 counts | 3,000 counts
(km s~1)
7 -3 x10° | —9x10° —7 x 10° —4 % 10°
vf 6 x 106 5 x 10° 6 x 106 6 x 10°
o/ vp 5x 106 | —3x 106 —1 x 108 4 x 108

are obvious when comparing the moments of the velocity from the VDEM deconvolved from
these examples with the moments of the original distribution given in Table 3.2.

To find the minimum number of counts required to measure adequately the energy flux
from the VDEM function, many more simulations were needed. Still assuming the parallel
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Figure 3.4: Examples of simulated line profiles of the O IV 790 A line are shown in (a), (c),
and (e), each defined by 500, 1,000, and 3,000 total counts, respectively. The normalized,
deconvolved VDEM for each profile is shown in (b), (d), and (f) as a solid line. The assumed
parallel bulk velocity distribution is shown as a dashed line.
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bulk velocity distribution shown in Figure 3.3, 100 profiles were simulated with 500 counts
each, 100 with 1,000 counts each, etc., up to 100 profiles with 3,000 counts each. A VDEM
function was then deconvolved from each simulated profile and the velocity moments were
found, as well as the net energy flux (jg) and energy flux toward (jg+) and away (jg—)
from the observer. The results are shown graphically in Figure 3.5 (a,b, & c). The points
on each graph represent the average jg (a), ju+ (b), or jg— (¢) measured for each number
of defining counts, while the error bars are the standard deviation in the energy fluxes
at these counts. The solid lines are the true energy fluxes found from the assumed bulk
distribution function. The dotted lines show an uncertainty in this value (derived from
assumed uncertainties in the velocity array — 10 km s~!) that reflects a good estimate for
the probable uncertainty of the energy fluxes measured from a VDEM function. Above
1,000 counts, the true energy flux is fairly well approximated by the energy flux found using
the normalized VDEM function and the systematic errors are approximately the same or
less than the assumed uncertainty in the energy flux values.

3.4.2 Density and Temperature Gradients

It is naive to think that the temperature and density assumptions mentioned in Sec-
tion 3.3 truly describe the physical conditions of the emitting plasma. During a reconnection
event, particles moving into the acceleration region may be “pinched” by the field lines into
a confined volume, increasing the temperature and density of the plasma. This will lead
to convection of energy along the temperature gradient and acceleration of the particles
as they exit the reconnection site. Attempts to model numerically this situation including
realistic energy transfer and temperature structure have been unsuccessful (Karpen 1998).
Because there is no way to deduce this temperature or density structure, several scenarios
will be examined to determine the effects of various temperature and density structures on
the accuracy of the VDEM method.

The plasma that is being accelerated in these reconnection events is also believed to be
heated or cooled as indicated by the observations that the events “disappear” instead of
propagating along the slit. A simple model would be that the volume elements traveling at
speeds greater then 50 km s~! contain hotter or cooler plasma than the volume elements
traveling at speeds less than 50 km s~'. The density of the plasma in these accelerated
volumes is uncertain. The plasma in the transition region is generally assumed to be at
constant pressure; therefore, an increase (decrease) in temperature would imply a decrease
(increase) in density. However, because the plasma is being heated or cooled quickly in
the reconnection event, is it not clear if the constant pressure approximation is valid. The
timescale for constant pressure to re-establish after a sudden change in temperature is ~ 25 s
(Chapter 2). This is on the order of the typical lifetime of an explosive events, so at least
a portion of the emitting plasma can be assumed to not be at a constant pressure.

Based on these arguments, four different scenarios are presented here: (1) the plasma in
volume elements with speed greater than 50 km s~! is heated and a uniform, pre-event den-
sity is maintained, (2) the plasma in volume elements with speed greater than 50 km s ! is
heated and constant pressure is maintained, (3) the plasma in volume elements with speed
greater than 50 km s~ ! is cooled and a uniform, pre-event density is maintained, and (4)
the plasma in volume elements with speed greater than 50 km s—! is cooled and constant
pressure is maintained. Each of these scenarios is addressed using the emissivity function,
G(T), of the O IV 790 A line (shown in Figure 3.2 a). This function peaks at approximately
1052 K; this temperature will be assumed to represent the temperature of the plasma in
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Figure 3.5: A comparison of the net energy flux (a) energy flux toward the observer (b), and
energy flux away from the observer (c) measured from the VDEM function deconvolved from
simulated line profiles. The error bars in the energy fluxes are the standard deviations in the
measurements. The true energy fluxes are the solid lines and the approximate uncertainties
in the energy fluxes are the dotted lines.
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the volume elements with flow speed less than 50 km s~!. The temperature of the plasma
in the high-speed volume elements will be assumed to be at 105° K for the cooled plasma
scenarios and 10°* K for the heated plasma scenarios. Emission from a constant density
plasma will scale as G(T'), shown in Figure 3.2 (a). If the emission is from a constant
pressure plasma, it will scale with n2G(T), shown in Figure 3.2 (b). The values for the
emissivity and emission are given in the figure at the temperatures of interest.

The validity of the assumption that this emissivity function, which generally reflects
a plasma in equilibrium, represents the rapidly changing conditions of dynamic plasma
depends on the recombination and ionization rates of the plasma. Ionization times tend to
keep pace with the heating, even if the heating is nearly instantaneous. For instance, if a
volume element of plasma at 102 K containing the O IV ion is instantaneously heated to
the temperature of 10°* K, a temperature where O V is the dominant species, the ionization
time is less than 1 s (Mariska 1992). However, the recombination rates are much slower
for some ions, implying that there may be highly ionized species existing at much lower
temperatures than implied by the emissivity function for a period of time after the cooling
occurs. Many factors affect these ion-dependent rates (for review, see Mariska 1992), and
their influences are difficult to assess. For the following scenarios, the emissivity function at
a given temperature will be assumed to characterize the emission from the plasma at that
temperature.

Heated, High-Speed Plasma with Uniform, Pre-Event Density

This scenario addresses a volume of plasma with uniform pre-event density. The tem-
perature of the plasma in the high-speed (greater then 50 km s ') volume elements is
assumed to be 10°* K. The temperature of the plasma in the remaining volumes elements
is assumed to be 10%2 K. The bulk velocity distribution (which scales as density and is not
affected by a change in temperature) will remain unchanged. However, the emission from
the heated plasma, which scales with G(T') and, hence, decreases rapidly at high temper-
atures [Figure 3.2 (a)], will consequently be reduced (G (10%2) = 10722 ergs cm? s~! while
G(10%4) = 107223 ergs cm? s~! resulting in a reduction in emission from the high-speed
volume elements of 0.5). This implies that the observed line profile, and hence inferred
VDEM function, will be suppressed in the wings of the profile (where the emission origi-
nates from the plasma in the high-speed volume elements). Figure 3.6 displays an assumed
bulk velocity distribution (solid), along with the normalized theoretical VDEM function.
This is how a “perfect” VDEM would appear and is calculated by weighting the bulk ve-
locity distribution with the emission function at each temperature. The magnitude of this
normalized VDEM function in the wings of the distribution is lower than the bulk velocity
distribution. The energy flux measured from this VDEM function will then be less than the
true energy flux, as the values given in Table 3.3 verify. (The percentage difference given
in this table is defined as the difference in the two values divided by the true value.) The
values given for the energy fluxes measured from the bulk velocity distribution are the true
values found from the assumed temperature and density structure of the emitting plasma,
while those measured from the VDEM function assume that the temperature of the plasma
is 102 K and electron density is :%, where p is the constant pressure of 1 x 10" K cm™3.
The net energy flux is the quantity most affected by this increase in temperature (the net
energy flux measured from the VDEM function is not even the correct sign). Both the
positive and negative energy fluxes are lower than the true values.
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Figure 3.6: An example of how heating the plasma in the high-speed volume elements
while maintaining uniform density would affect the bulk velocity distribution (solid) and
the theoretical VDEM function (dash-dot).

Table 3.3: A comparison of the energy flux measured from an assumed bulk velocity distri-
bution and from a theoretical VDEM function when the plasma in the high-speed volume
elements is heated and constant density is maintained.

Energy Flux | From f||(v) | From VDEM | Percentage Difference
(ergs cm™2 57 1)

JE 3.4 x 10° —2.7 x 10* 108 %
fiom 3.2 x 106 2.3 x 106 28 %
JE— —2.9x10% | —2.3 x 108 21 %

Heated, High-Speed Plasma at Constant Pressure

Figure 3.7 illustrates how the bulk velocity distribution and inferred VDEM function
are affected when the plasma in the high-speed volume elements is heated to 10°* K and



46

constant pressure is maintained throughout the entire volume (hence the density in the
plasma in the high-speed volume elements drops). The original bulk velocity distribution
is shown as the dashed line, while the bulk velocity distribution with lower density in the
high-speed region is shown as the solid line. The dash-dot line shows the theoretical VDEM
function. In this scenario, both the bulk velocity distribution and VDEM function are
suppressed at high-speeds, but, because the VDEM function scales as n2G(T'), it is reduced
by a greater amount than the bulk velocity distribution, which just falls off as n.. The
electron densities at these temperatures implied by constant pressure are n,(10%2) = 1098
em 3 and ne(1054) = 10%% cm 2 (a factor of 1.6 difference), while the emission at these
temperatures are n2G(10%2) = 10724 ergs cm 3 s~ and n2G(10%%) = 103! ergs cm =3 571
(a factor of 5.0 difference). The true energy flux along with the energy flux measured from
this VDEM function is given in Table 3.4. The comparison between the two values is very
similar to that of the previous scenario. Again, the sign of the net energy flux is changed,
while the measured positive and negative energy fluxes are smaller than their true values.

Cooled, High-Speed Plasma with Uniform, Pre-Event Density

As in the scenario with heated, high-speed plasma with uniform, pre-event density, the
bulk velocity distribution for cooled (10 K) plasma in the high-speed volume elements
does not change (see Figure 3.8). The VDEM function is again suppressed in the wings of the
distribution as a result of the drop in the emissivity function, G(T'), for this cooler plasma.
The emissivity function decreases by a factor of 6.3 (G(10%?) = 107228 ergs cm® s~! and
G(10%2) = 107229 ergs cm® s~!). The energy flux measured from the VDEM function is
compared to the true energy flux in Table 3.5. The magnitudes of the measured energy
fluxes flowing towards and away from the observer are lower than the true value and the
net energy flux is considerably different from the true value.

Cooled, High-Speed Plasma at a Constant Pressure

Figure 3.9 illustrates how the original bulk velocity distribution (dashed) is changed
when the temperature of the plasma in the high-speed volume elements is reduced to 10°° K
and constant pressure is maintained (solid). Because of the temperature drop in the high-

Table 3.4: A comparison of the energy flux measured from an assumed bulk velocity distri-
bution and from a theoretical VDEM function when the plasma in the high-speed volume
elements is heated and constant pressure is maintained.

Energy Flux | From f||(v) | From VDEM | Percentage Difference
(ergs cm™2 s71)

JE 4.8 x 10* —3.9 x 10° 912 %
fiom 2.5 x 106 1.4 x 108 44 %

JE— —2.4x10% | —1.8 x 108 25 %
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Figure 3.7: An example of how heating the plasma in the high-speed volume elements while
maintaining constant pressure would affect the bulk velocity distribution (solid) and VDEM
function (dash-dot). The original bulk velocity function is shown as a dashed line.

Table 3.5: A comparison of the energy flux measured from an assumed bulk velocity distri-
bution and from a theoretical VDEM function when the plasma in the high-speed volume
elements is cooled and constant density is maintained.

Energy Flux | From f||(v) | From VDEM | Percentage Difference
(ergs cm™2 57 1)
JE 3.4 x 10° —4.7 x 10° 238 %
TR+ 3.2 x 108 1.2 x 106 62 %
JE— —29x108 | —1.7x 1068 41 %
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speed volume elements and the constraint of constant pressure, the density in these elements
increases, which in turn, increases the bulk velocity distribution. The VDEM function,
however, is still suppressed. Even though the density increases (which scales up the VDEM
by n2), the drop in the emissivity function at the lower temperature dominates. (The
densities at these temperatures are n¢(10%%) = 10!° cm™3 and ne(10%2) = 10°8 cm™3, a
factor of 1.6 increase for the lower temperature plasma. The emissions at these temperatures
are n2G(105%) = 1072% ergs cm ™3 s7! and n2G(1052) = 10724 ergs cm ™3 s71, a factor of
2.5 decrease for the lower temperature emission.) In this scenario, the true energy flux
measurements are expected to increase from those of the original distribution, while the
energy flux measured from the VDEM function will again decrease. The results are given
in Table 3.6.

3.4.3 Summary of the Validity of the VDEM Approximation

Finding the energy flux with the moments of the VDEM function assumes that the
temperature and density are essentially constant, that the line-of-sight coincides with the
direction of motion, and that the line profile well-represents the emitting plasma. Even in
the idealized situation when the line-of-sight does correspond with the direction of motion
and there are no temperature or density gradients, the line profile must still be defined by
more than 1,000 counts for the deconvolved VDEM function to well represent the parallel
bulk velocity distribution of the emitting plasma. If there are density or temperature
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Figure 3.8: An example of how cooling the plasma in the high-speed volume elements while
maintaining uniform density would affect the bulk velocity distribution (solid) and VDEM
function (dash-dot).
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Figure 3.9: An example of how cooling the plasma in the high-speed volume elements while
maintaining constant pressure would affect the bulk velocity distribution (solid) and VDEM
function (dash-dot). The original bulk velocity distribution is shown as a dashed line.

Table 3.6: A comparison of the energy flux measured from an assumed bulk velocity distri-
bution and from a theoretical VDEM function when the plasma in the high-speed volume
elements is cooled and constant pressure is maintained.

Energy Flux | From f(v) | From VDEM | Percentage Difference
(ergs cm 2 s 1)

JE 6.8 x 10° —1.8 x 10° 126 %
o 4.1 x 10° 1.9 x 106 54 %
IR —3.4x105 | —2.1x108 38 %

gradients in the emitting plasma associated with the acceleration or if the line-of-sight
does not correspond to the direction of motion, the energy flux measured from the VDEM
function will always be less than the true energy flux. Note that regardless of the direction of
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the temperature or density gradients, the returned VDEM will always be suppressed at high
velocities. (The degree that VDEM will be suppressed is dependent upon the temperature
and density of the emitting plasma and the emissivity function of the spectral line.) This
is mainly due to the narrowness of the emissivity function for transition region ions, and
supports the initial assumption that density in the bulk of the emitting region can, for
present purposes, be assumed constant. The value for the net energy flux in particular
is much less reliable if there are temperature or density gradients present in the emitting
plasma.

The simulations and discussions in this sections have shown that, with minimal data
requirements (discussed in the following section), the energy flux measured with the VDEM
function gives a lower limit to the true energy flux of the emitting plasma.

3.5 Data Restrictions

There are several restrictions that need to be placed on the data used for this study.
Some restrictions are present because of the subject (explosive events), others to reduce
systematic errors in finding the energy flux using the VDEM approximation.

The spatial scale of a typical explosive event is on the order of 1,500 km, with evidence
that events have yet to be fully resolved. To spatially resolve an event, the deprojected
length of a single pixel along the slit onto the sun must be significantly less than this value.
The deprojected length of a 1” pixel as a function of radial angle (the angle between the
line-of-sight direction and the local normal) is shown in Figure 3.10. For this length to be
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Figure 3.10: The deprojected length of a single pixel as a function of the radial angle.
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Table 3.7: A prioritized list of data restrictions.

Priority | Restriction

1 Number of Counts defining a line above 1,000
Non-blended lines

Adequate method to determine wavelength array

2 Line formed at different temperatures observed simultaneously
Spectra observed at or very near sun center

Long observation times with large quantities of spectra

3 High spatial and temporal resolution

less than 1,000 km, the data must be taken within 40° of sun center. Also, observing events
near sun center further assures that the energy flux measured moving toward the observer
is also moving into the corona. The data, then, will be restricted to spectra taken at or
very close to sun center.

The lifetime of a typical event is on the order of tens of seconds with evidence for
significant change in the event profile within 20 s. To capture the energetics of these events,
the exposure time (the lower limit of the lifetime) must be on the order of tens of seconds or
less. Furthermore, to find the distribution of events as a function of energy, a statistically
significant number of events must be observed. This implies the data must contain many
spectra taken over long observation times.

As presented in Section 3.4, it is necessary to maintain a high number of counts defining
a line profile to ensure that the deconvolved VDEM function will accurately describe the
velocities in the emitting plasma. To have systematic errors on the order of data uncertain-
ties, at least 1,000 counts must define a spectral line before energy flux from a normalized
VDEM function can be thought of as accurate. It is also necessary to have unblended lines
and an adequate method of establishing a wavelength array that is associated with the
spectrum to reduce the uncertainties in the returned energy flux.

Finally, it is desirable to observe these explosive events in lines formed at different
temperatures simultaneously. This would provide an unambiguous idea of how event char-
acteristics change with temperature since all lines would presumably be formed in the same
solar structure.

With so many restrictions placed on the data, it is difficult to imagine that any data set
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will meet these standards. Therefore, priorities have been assigned each data restriction,
shown in Table 3.7. Priority 1 restrictions are the minimal requirements every line profile
must meet before a deconvolved VDEM function can adequately describe the bulk velocity
distribution. Priority 2 and 3 restrictions are less necessary and oftentimes will be sacrificed
to meet the first priority restrictions. For instance, the resolution of the spectra may be
sacrificed to ensure that the number of counts defining a line is acceptable, or to observe
lines formed at different temperatures simultaneously.

The only current instrument that observes in the UV and EUV wavelength range with
high spatial and temporal resolution is the Solar Ultraviolet Measurements of Emitted
Radiation (SUMER) telescope and spectrometer. This instrument has been recording solar
spectra for over 3 years and has observed large quantities of high cadence data, perfect
for the study of explosive events. The SUMER instrument will be introduced in the next
chapter along with the data sets that were analyzed in this study.



CHAPTER 4

THE SUMER INSTRUMENT AND SPECTRAL DATA

This chapter introduces the Solar Ultraviolet Measurements of Emitted Radiation Tele-
scope and Spectrometer and the spectral data selected for this study. It begins by reviewing
the specifications of the SUMER optical design, pointing out limitations of the instrument
and detectors, while emphasizing the improvements SUMER has made over past instru-
ments. One of the limitations of the SUMER instrument is its poor wavelength calibra-
tion. To correct for this problem, a method of determining the wavelength associated with
SUMER spectra is discussed in Section 4.2. The SUMER data sets used in this study are
then reviewed in Section 4.3. Finally, the criteria for selecting explosive event profiles from
the spectral data are introduced in Section 4.4 and the method of preparing these profiles
for VDEM analysis is discussed in Section 4.5.

4.1 Solar Ultraviolet Measurements of Emitted Radiation

In 1995, the Solar Ultraviolet Measurements of Emitted Radiation (SUMER) Telescope
and Spectrometer was launched aboard the Solar and Heliospheric Observatory (SOHO)
to orbit around the first Sun-Earth Lagrange point providing an uninterrupted view of the
sun. Its scientific objectives included studying solar coronal heating, solar wind acceleration,
and the structure of the solar upper atmosphere, while expanding the knowledge of stellar
physics, plasma physics, and the Sun-Earth relationship. To meet these scientific objectives,
the SUMER telescope and spectrometer were built to make high spatial, spectral, and
temporal resolution measurements of UV and EUV emission lines from 600 A to 1,610 A.
The instrument has been thoroughly discussed in several papers (Wilhelm et al. 1995, 1997;
Lemaire et al. 1997), but will be reviewed briefly here.

The main optical components of the SUMER instrument consist of two parabolic mir-
rors, a plane mirror, and a spherical concave grating mounted in an aluminum housing that
serves as an optical bench (see Figure 4.1). The first parabolic (telescope) mirror has capa-
bilities to move £38 arcmin in two perpendicular directions and serves as the pointing and
scanning mirror. It images the sun onto the spectral slit and through the rear slit camera,
which assists in pointing. The light is then focused by the second parabolic mirror, and
imaged onto a spherical grating by the plane mirror. The wavelength range is adjusted by
rotating the plane mirror from 8.3° to 17.6°. The point spread function of the telescope has
a full width at half-maximum (FWHM) of less than 1” and suffers a sharp decrease at 3.5".

Two two-dimensional detectors (referred to as A and B) are located in the focal plane
of the spherical grating and are used alternately. Detector A is centered on the grating
normal and detector B is offset by approximately 70 mm. They are both 1,024 pixels in the
dispersion (wavelength) direction and 360 pixels in the spatial direction. For observations
in first order, a pixel width in the dispersion direction is approximately 45 mA, implying
the wavelength range of a full detector observation is 46 A. The pixel width in the spatial
direction is 1”. The center portion of each detector is coated with potassium bromide (KBr)
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which enhances the quantum detection efficiency, while the rest of the detector is left bare.
Very intense lines must be observed with attenuators which are located over a portion of
the bare wings of each detector. In-flight sensitivity tests show detector non-uniformities
on a scale of 20 pixels and a geometrical distortion across the edge of the detectors caused
by fringe field. To correct both problems, each spectrum must be flat-field corrected and
destretched. Instrumental broadening has been derived from chromospheric lines to be
a Gaussian function with a FWHM of 2 pixels (~ 88 mA) for Detector A and 3 pixels
(~ 132 mA) for Detector B. (This dependence of the instrumental function on the detector
was documented by Chae, Schiihle, & Lemaire 1998.)

The SUMER instrument provides 4 spectral slits, as well as a 1”x 1” “pin-hole” for
focusing. Slit 1 is a 4 x 300" slit for use off the limb. Slit 2 is a 1”x 300" slit for normal
intensity lines or low-continuum. Slit 4 is 1” x 120" and slit 7 is 0.3” x 120" for high intensity
lines. The smallest structure measured along the slit has been 2 pixels (2”). The smallest
structure width (measured using the 0.3”x 120" slit and a mirror step size of 0.38") was
1.2". The slits are oriented parallel to the solar central meridian. Coordinates for SUMER
spectral data refer to the position of the center of the slit and are given in arcsecs from the
sun center, i.e., a coordinate of 500” North and 200" East would imply that the center of
the slit was 500" to the north of sun center and 200" to the east of the central meridian.

The spectral response of the SUMER, instrument was determined pre-flight from its re-
sponse to the known radiation of a calibrated light source. The derived calibrations have
an uncertainty of 10% in absolute flux. In-flight tests show that the calibrations have

Detector B

SUMER Optical 360 x 1024 px
Design

Entrance
aperture

+ 32 arc min

by o4

iy Telescope parabola
f=1300 mm ; 4.5° A‘E

Figure 4.1: The main components of the SUMER optical design (figure courtesy of Dietmar
Germerott).
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not degraded (Wilhelm et al. 1997). The SUMER software package includes a radiome-
try program that calculates the conversion of count rate (counts s ') to specific intensity
(photons cm~™2 s~ A=1 sr™1). Due to the accuracy of the radiometric calibration, good
measurements for intensity and emission measure are expected.

Unfortunately, the wavelength calibration performed pre-flight was substantially changed
during in-flight operations. The instrument has been recalibrated in-flight and can now
place a given wavelength within a 25 pixel window, implying that an average first or-
der dispersion of 45 mA pixel™! could lead to a systematic error in wavelength of 1 A
(300 km s~ at 1000 A) (Wilhelm et al. 1997). Because SUMER was specifically designed
to study wavelength-sensitive transition region phenomena, such as redshifts, this inaccu-
racy severely limits analysis. An alternate method of determining the wavelength array
associated with a SUMER spectrum using reference lines will be discussed in Section 4.2.

Despite this loss in wavelength accuracy, the SUMER telescope and spectrometer has
greatly improved the quality and quantity of the available spectra at UV and EUV wave-
lengths. The spatial and spectral resolution is comparable to that of the HRTS instrument
(~ 1" and 45 mA for SUMER and ~ 1” and 50 mA for HRTS), but the wavelength coverage
is nearly double that of HRTS. (The SUMER instrument can observe between 600-1,610 A,
while HRTS spectral coverage was only 1,175-1,710 A.) The most significant advantage of
the SUMER instrument is the amount of data it produces and the versatility it offers in
observation programs. Because SUMER is flown on a satellite (as opposed to sounding
rockets), the only limit to the amount of data observed is the lifetime of the detector. Ob-
servations of a single solar structure can go on for hours or days, providing time coverage of
solar events that no other instrument has been able to match. Observations can be taken
with long exposures or short exposures, partial spectra or full spectra. A single structure
can be observed in the entire wavelength range, or the entire sun can be scanned in a single
wavelength.

4.2 Defining the Wavelength Array from Reference Lines

As mentioned above, the SUMER on-board wavelength calibration is a poor estimate
for the true dispersion of an observed spectrum. To improve the wavelength calibration,
some spectral lines present in the spectrum, along with their solar wavelengths, can be
used to calculate the spectral dispersion. The choice of these spectral lines, referred to as
reference lines, affects the accuracy of the resulting wavelength array and must be made
carefully. A reference line must be a non-blended line with a well-defined centroid. To
avoid detector non-linearity problems, it is better to choose reference lines in the center
of the detector (where the dispersion is assumed to be “locally linear”— Chae, Yun, &
Poland 1998). Lines formed by neutral or singly ionized chromospheric ions are preferred
as reference lines because they tend to exhibit relatively small absolute shifts (e.g., Brekke,
Hassler, & Wilhelm 1997) and their laboratory wavelengths are known to high precision.
For the wavelength ranges where no non-blended chromospheric lines are emitted, transition
region or coronal lines can be used as reference lines. To account for the redshifts that are
often observed in transition region and coronal lines, the laboratory wavelength must be
shifted by the typical redshifted velocity (e.g., Chae, Yun, & Poland 1998). Not only do these
velocities have rather large uncertainties (£2 km s~!), they are also temperature dependent
and may be dependent on the emitting solar structure. Using the shifted wavelengths, then,
as reference lines introduces a possibility for significant systematic error in the established
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wavelength array.

Each reference line is averaged along the slit, background subtracted, and fit with a
single Gaussian function. The Gaussian centroids and solar wavelengths of the reference
lines are then fit to a first degree polynomial function using a weighted least squares method.
The resulting dispersion relationship is:

Ap) = Ao+ A1 p, (4.1)

where Ay and A; are the coefficients returned from the fit, and A(u) is the wavelength
associated with the center of each spectral pixel, u. The uncertainty in the wavelength
array is found from the uncertainties in the solar wavelengths and from the uncertainty in
the fit of the solar wavelengths and centroids to a first degree polynomial function. If the
reference lines are chromospheric lines, their solar wavelengths are simply their laboratory
wavelengths and the uncertainty in the dispersion is dominated by the deviation of the points
from the straight line. If the reference lines are transition region lines, the uncertainty in
the wavelength array is dominated by the uncertainty in the redshifted wavelengths.

Temperature variations of the detector cause the parameters Ay and A; in the dispersion
relation (4.1) to oscillate on a time scale of 30 minutes, which results in fluctuations in the
wavelength array of 10 mA. To avoid additional uncertainty in the wavelength array, it is
desirable to update the dispersion relation for every spectrum observed. However, for the
high cadence data typically needed to observe explosive events, only small spectral windows
around single spectral lines (approximately 2 A) are retrieved. Such spectral windows are
too narrow to include observations of reference lines which are generally observed only when
a full detector image is taken.

To ensure an accurate wavelength array over the entire observation time, a full detector
image should be observed every 30 minutes to update the dispersion coefficients. Assum-
ing that the dispersion coefficients change linearly with time, the time dependence of the
wavelength array can be found from the coefficients of each full spectrum, i.e.,

A(ua t) = AO(t) + A (t) Ky (42)
where, for instance,

Ap(t1) — Ao(to)
t —to

Ao(t) = Ao(to) + (t - to), (43)
and ty and t; are the times that the two full spectra were observed. If full detector images
are not taken periodically during a high cadence observing sequence, it is necessary to
assume an additional +10 mA uncertainty in the wavelength array. (This uncertainty was
established by determining the wavelength fluctuations over time for the Ne VIIT and N IV
data set discussed below.)

4.3 SUMER Spectral Data

The SUMER data archives were scanned for data that closely met the guidelines and
restrictions given in Section 3.5 and wavelength calibration needs discussed in Section 4.2.
Only observations of the quiet sun were considered. T'wo data sets were selected for analysis.
The first data set was taken over 5 hours on 1996 May 10. It contains observations of the
C1II1977 A line and the O VI 1032 A line observed sequentially with high spatial and spectral
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Table 4.1: Characteristics of the data sets used for this study.

C III O VI Ne VIII & N IV
Date(s) Observed 1996 May 10 1996 May 10 | 1996 Oct 18-Nov 2
Slit 0.3"x120" 1" % 120" 1% 120"
Detector A A B
Average Solar Position | 200” W, 150" N | 200" W, 150" N 0", 0"
Spatial Resolution 740 km 740 km 2170 km
Temporal Resolution 48 s 36 s 120 s
Number of Profiles 17,520 39,360 43,560
Chromospheric Lines Yes Yes No
Multiple Full Exposures No No Yes

resolution. The second data set included 36 hours of observations taken over 9 days in the
period between 1996 October 18 - November 2. It contains observations of two spectral
lines simultaneously (N IV 765 A line and Ne VIII 770 A line), but with poor spatial and
temporal resolution. These spectral lines are formed in the temperature range of 10*% to
10%9 K. The characteristics of each data set, presented below, are summarized in Table 4.1.

4.3.1 The C IIT & O VI Data Sets

The C III 977 A and O VI 1032 A lines were sequentially observed over 5 hours on
1996 May 10. The O VI line was observed over the first 3 hours, while the C III line was
observed over the remaining 2 hours. These quiet sun observations were taken as a set of
rasters centered at approximately 200” West and 150” North of sun center, resulting in a
spatial resolution (along the slit) of 740 km. An Ha image taken on the same day is shown
in Figure 4.2 with the average position of the slit marked.

C III 977 A line

The emissivity function of the C III line peaks at a temperature of 10*8 K with a
value of 1072 ergs cm® s~! (Landini & Monsignori Fossi 1990). This strong resonance
line was observed with a narrow slit (0.3”x120”) and fast exposure time (6 s). Only 50
pixels (~ 2 A) around the C III line were retrieved during these high cadence exposures.
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Figure 4.2: This Ha image was observed by Big Bear Solar Observatory on 1996 May 10.
The dark line near sun center shows the average position of the SUMER slit.
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Each spatial pixel along the slit constitutes a line profile. The average number of counts
per profile was approximately 200 counts. To increase this average number of counts to
an acceptable amount (1,500 counts per profile) eight consecutive spectra were summed to
form a single spectrum with an exposure time of 48 s. An example of a resulting spectrum
is shown in Figure 4.3 (a). This produced 17,520 line profiles with a temporal resolution of
48 s and spatial resolution of 740 km.

Because C III is a strong resonance line, it may suffer from broadening due to opacity.
The optical depth for a volume of plasma with a scale height, Hy, is found by

To = nHylo, (4.4)

where n is the number density of the emitting ion and [y is proportional to the oscillator
strength for the transition and inversely proportional to the Doppler width of the spectral
line. (For full definition, see Mariska 1992.) Assuming an oscillator strength of the C III
line of 0.8 (Landini & Monsignori Fossi 1990) and a Doppler velocity width of 22 km s,
the optical depth is

To ~ 5.2 X 1078 Hy, (4.5)

where Hj is expressed in centimeters. This implies an optical thickness of unity will be
obtained when the thickness of the emitting plasma reaches ~ 200 km. The scale height
for the lower transition region found from the constant conductive flux approximation is
~ 10 km, so broadening due to opacity near sun center may be ignored. (Note, however,
that if the observations were taken off the solar limb, the depth of the volume of emitting
plasma would be significantly increased and hence the spectral line may reflect additional
broadening due to opacity.)

In the middle of the high cadence observing sequence, a single long exposure (100 s)
spectrum observing half the detector (approximately 20 A) was taken. Figure 4.4 shows this
long exposure along with the flux of the spectrum found by averaging over the spatial pixels.
Spectral lines emitted in this wavelength range (~ 967 - 987 A) were identified using the
catalog of spectral lines appearing in Feldman et al. (1997) and Curdt et al. (1997). They
are labeled along the right hand side of the plot and listed, along with their corresponding
transitions, in Table 4.2. Four unblended O I lines were used to determine the wavelength
array associated with the C III spectra. The resulting dispersion relation was

A(p) = 966.055 + 0.0442. (4.6)

The uncertainty in the returned wavelength array from the fit of the 4 reference line wave-
lengths and centroids to a first degree polynomial was 12 mA. An additional uncertainty of
10 mA must be assumed due to the lack of multiple observations of reference lines. The total
uncertainty in the wavelength array is then 16 mA, corresponding to a velocity uncertainty
of 5 km s~

O VI 1032 A line

The emissivity function of the O VI 1032 A line peaks at a temperature of 1054° K
with a value of 107224 ergs cm® s~! (Landini & Monsignori Fossi 1990). In the May 10
data set, this line was observed with the 1”x120” slit. Only partial spectra (50 pixels or
approximately 2 A around the line) were retrieved, each with an exposure time of 6 s. Each
spatial pixel along the slit constituted a line profile. The average number of counts per line
profile was 250. To achieve a more acceptable average, every 6 exposures were added to
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Figure 4.3: Examples of high cadence spectra observed around the C ITT 977 A line (a) and
O VI 1032 A line (b).
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Figure 4.4: A spectrum around the C ITT 977 A line along with the corresponding line profile

averaged along the slit.
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Table 4.2: Spectral lines in the wavelength range of 970 - 987 A and their corresponding
transitions. The O I lines used as reference lines are marked with an ‘R’.

Laboratory

Ion Wavelength Transition Reference
(A)

01 971.7381 2s22p* 3P, — 2522p34d 3Dj3 R
HI 972.537 1s 2S —4p ?P
01 973.2343 2522p* 3Py — 2s%2p34d 3D, R
01 973.8852 2s22p* 3P — 2s22p®4d 3D, R
01 976.4481 2522p* 3P, — 2522p35s 3S;
C III 977.020 2s? 1S5 — 2s2p 'Py
Ol 977.9594 2s22p? 3P, — 2s22p?5s 3S; R
01 978.6170 2522p* 3Py — 2522p5s 39,
Fe TI1 981.373 3d°(a*P)4s °Py — 3d°(abS)5p 5P,
Fe III 983.860 3d° 3H; — 3d%(a*G)4p 3Gy
Fe III 985.824 3d° 3H, — 3d%(a*G)4p 3G3
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create a single spectrum with an exposure time of 36 s. Figure 4.3 (b) shows an example of
a resulting spectrum. This created a total of 39,360 line profiles with a temporal resolution
of 36 s and spatial resolution of 740 km.

In the middle of the observing sequence, a single long exposure (100 s) spectrum was
taken where 512 pixels in the dispersion direction were retrieved. This exposure is shown
in Figure 4.5. Table 4.3 lists the lines emitted in this wavelength range, ~ 1,021 - 1,043 A
with their corresponding transitions. Five O I lines are emitted in this range and were used
for finding the wavelength array of the O VI spectra. The resulting dispersion relation was

A(p) = 1021.006 + 0.04374. (4.7)

The total uncertainty in the wavelength array is 17 mA (5 km s~ 1), including uncertainty
due to the poorness of the fit of the five reference wavelengths and centroids to a first degree
polynomial and the lack of multiple observations of reference lines.

Table 4.3: Spectral lines in the wavelength range of 1021 - 1043 A and their corresponding
transitions. The O I lines used as reference lines are marked with an ‘R’.

Laboratory

Ion Wavelength Transition Reference
(A)

HI 1025.722 1s 2S —3p 2P
01 1027.4307 | 2s22p* 3P; — 25%22p?3d 3Dy R
01 1028.1571 | 2s22p* 3Py — 2s%2p33d 3Dy R
O VI | 1032.9261 2s QS% —2p 2P%
cu 1036.3367 2s22p QP% — 2s2p? QS%
c1I 1037.0182 2s22p QP% — 2s2p? QS%
O VI 1037.614 2s ZS% —2p QP%
01 1039.2304 2s22p? 3Py — 2522p34s 35, R
01 1040.9425 2522p* 3P| — 25%2p34s 39 R
01 1041.6876 2s22p* 3P, — 2s%2p34s 38, R

4.3.2 The N IV & Ne VIII Data Set

The N IV 765 A line and Ne VIII 770 A line were observed simultaneously for more
than 36 hours over 9 days from 1996 October 18 to 1996 November 2. The observations
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Figure 4.5: A spectrum around the O VI 1032 A line along with the corresponding line
profile averaged along the slit.
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were taken with the 1”x120" slit at or near sun center. Figure 4.6 shows the quiet sun on
the first day of observation with a deprojection of the slit image at sun center.

Over the 36 hours of observations, 53 exposures of the full detector were made, approx-
imately one full exposure every 40 minutes. These long exposures include observations of
several spectral lines other than the two spectral lines observed at high cadence. An exam-
ple of a full exposure spectrum observed on 1996 October 18 is shown in Figure 4.7. The
lines emitted in this wavelength range are shown along the right hand side of the spectrum
and given in Table 4.4 with their corresponding transitions. No chromospheric lines are
emitted in this wavelength range, so the coefficients of the dispersion relation were found
using the four transition region lines given in Table 4.5. The temperature associated with
the emitting ion was used to estimate the redshift velocities from Chae, Yun, & Poland
(1998). The uncertainty in the velocities was assumed to be 2 km s~!. [This uncertainty is
twice the uncertainty of the velocity found by Chae, Yun, & Poland (1998). The additional
uncertainty was assumed due to the error in the extrapolating the redshifted velocities to
the temperature of the transition region reference lines.] The time-dependent dispersion
relation was then evaluated [cf. Equation (4.2)]. A typical dispersion relation was

A(p) = 754.837 + 0.0447p, (4.8)

with an uncertainty of between 10 and 20 mA, or 4 - 8 km s~!. This uncertainty was mainly
due to the uncertainty in the wavelengths of the transition region reference lines.

The original high cadence spectra were taken with 20 s exposure times. The average
number of counts defining each profile at a single spatial pixel in the original data was
approximately 80 counts. To increase this average to a more acceptable 1,500 counts per
profile, every 6 exposures and every 3 pixels along the slit were summed to create 43,560
profiles with spatial resolution of 2,170 km and exposure time of 120 s.

4.4 Selecting Dynamic Profiles

Fach data set contains between 17,000 and 45,000 profiles, but only a fraction of those
profiles can be considered explosive event profiles. A method must be implemented to select
the dynamic profiles for VDEM analysis. The effectiveness of the selection criteria will have
a direct effect on the accuracy of the distribution of events as a function of energy, Z—%.
If the selection criteria are too broad and non-event (low energy) profiles are mistakenly
included, the distribution will be skewed toward lower energies. However, if the criteria are
too specific, only the extremely dynamic profiles will be selected and the distribution will
be skewed toward the higher energies.

One problem is the ambiguity in the definition of an explosive event. Explosive event
profiles are defined as exhibiting extreme nonthermal broadening or skewness that imply
bulk motions in the emitting plasma. The first question, then, is what is the normal width or
skewness expected in a non-event transition region line profile? Transition region line profiles
are generally well fit by Gaussian functions. The widths of typical profiles, however, are
broadened far beyond the expected thermal widths, a phenomenon generally associated with
microturbulence (e.g., Mariska 1992). The magnitude of the nonthermal broadening varies
with temperature (e.g., Chae, Schiihle, & Lemaire 1998); therefore, each ion studied here
will have a different “normal” nonthermal width. Previous measurements of the nonthermal
width summed all spectra along the slit without first excluding the explosive event profiles,
and thus do not reflect solely non-event profiles. To find the “normal” nonthermal width of
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Figure 4.6: This Ha image was observed by Big Bear Solar Observatory on 1996 October
18, the first day of observations for the N IV and Ne VIII data set. The dark line at sun
center shows the position of the SUMER slit.
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Table 4.4: Spectral lines in the wavelength range of 758 - 797 A and their corresponding
transitions. The transition region lines used as reference lines are marked with an ‘R’.

Laboratory
Ion Wavelength Transition Reference
(A)
oV 758.678 2s2p 3P, — 2p? 3P,
ov 759.441 2s2p 3Py — 2p? 3P,
ov 760.445 2s2p 3Py — 2p? 3Py
ov 762.003 2s2p 3P, — 2p? 3P,
N IIT 763.340 2s2p 2P% — 2s2p? 25% R
N IIT 764.357 2s2p QP% — 2s2p? 28% R
NIV 765.148 252 1S5 — 2s2p 'Py
Ne VIII 770.409 2s QS% —2p QP%
Mg VIII 772.26 2s%2p QP% — 282p? 5P%
oV 774.518 2s2p 1Py — 2p? 1S
N II 775.965 2522p? 1Dy — 252p? 'Dy
Ne VIII 780.324 2s ?S1 — 2p *Py
Mg VIII 782.36 2522p QP% — 252p? 4P% (7
SV 786.48 3s2 1Sy — 3s3p 'Py R
o1V 787.711 2s22p QP% — 252p? QDg R
o1V 790.199 2522p QP% — 252p? QD%
ol 796.661 2s%2p? QP% — 2s2pt QDg
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Table 4.5: The spectral lines used as reference lines to determine the dispersion coefficients
for the Ne VIII and N IV spectra.

Laboratory Redshifted Solar
Ion | Wavelength | Temperature | Velocity | Wavelength
(A) (K) (km s™') (A)
N III 763.340 10485 7.7 763.360
N III 764.357 10%85 7.7 764.377
SV 786.47 1052 11.1 786.50
01V 787.741 105-24 11.1 787.740

non-event profiles, the event profiles must first be identified and excluded from the average
flux, but to remove the event profiles, the nonthermal width must be known. This “chicken
and egg” problem greatly increases the difficulty in defining the “normal” width of a spectral
line. Furthermore, the plasma in the transition region exhibits a distribution of nonthermal
widths, not simply a single value. The width of this distribution will affect the definition of
what constitutes an extremely broadened profile.

If all transition region lines exhibit extra-thermal motions, then why are they all not
considered dynamic events and analyzed? The difference between an explosive event profile
and normal, nonthermally broadened profile is the model of the driving mechanism that
creates the excess broadening. Normal nonthermal broadening is believed to be the result
of turbulent, churning motions in the plasma. These motions do not imply bulk flows of the
plasma or energy flux out of the volume element. Explosive events, however, are thought
to be the product of magnetic reconnection. Enhanced broadening in an explosive event
line profile does imply bulk flows in the emitting plasma and can produce significant energy
flux.

Previous techniques of selecting event profiles include direct analysis of the spectra
(e.g., Cook et al. 1988) and fitting each profile with a Gaussian function to see if it is
excessively broadened (e.g., Chae et al. 1998). The first method is biased toward larger,
more easily distinguishable events which would skew the distribution of events toward large
energies. The second method requires fitting a profile that is intrinsically non-Gaussian with
a Gaussian function. The fitting procedure often fails and the widths that are retrieved are
poor representations of the profile’s true width.

A more straightforward method of selecting explosive event profiles is to measure the
width, (A — X)2, and the skewness, (A — X)3, of each profile directly from the line intensity,
ie.,

A) (A —X)ZdA
JI(N)dA ’

and compare them to acceptable cutoff values, kyiq and kggew- If the measured width or

=14 (4.9)
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Table 4.6: Width and skewness cutoff values used to ascertain if a profile exhibits extreme
nonthermal broadening or skewness and hence is an explosive event.

C III NIV O VI Ne VIII

kwid 7.8x107% [ 1.2x1072| 1.2x1072 | 1.4x1072
Esews | 2.7x107% |28 x 107 | 3.7x107* | 3.2x107*

kskew— | —=2.7x 107 [ 53 x107* | —44x107* | —5.6 x 10~*

skewness of a profile is larger than the cutoff value, the profile is selected as an event. Al-
though this scheme is simple, careful consideration must go into defining these cutoff values
for width and skewness. Because the plasma in the transition region exhibits a distribution
of “normal” nonthermal velocities, there will be similar distributions of acceptable widths
and skewnesses. The cutoff values, then, must be defined in terms of these distributions of
widths and skewnesses for each data set.

Figure 4.8 shows histograms (solid) of the measured widths for the 17,520 line profiles
of the C IIT 977 A line (a), the 43,560 line profiles of the N IV 765 A line (b), the 39,360
line profiles of the O VI 790 A line (c), and the 43,560 line profiles of the Ne VIII 770 A line
(d). Each distribution of widths is really the convolution of two separate distributions: the
distribution of the “normal” widths associated with non-event profiles and the distribution
of the extremely broadened widths associated with event profiles. Non-event profiles will
definitely dominate the convolved distribution at low widths and the event profiles will
dominate at high widths. The width at which the dominance changes from non-event
profiles to event profiles, was taken to be the cutoff value. Assuming that the distribution
of widths associated with non-event profiles is well-represented by a Gaussian function, it
can be estimated by fitting only the low-width portion of the histograms. The Gaussian
fits are shown in Figure 4.8 as dashed lines. The number of events (dotted) can then be
found by subtracting the Gaussian curve from the original histogram. The cutoff value
(dash-dot) is then assumed to be the width where the number of events becomes larger
than the number of non-events. The width cutoff values found from each distribution are
given in Table 4.6.

It is more difficult to establish the cutoff values for the expected skewness of the dis-
tribution. Figure 4.9 shows histograms (solid) of the measured skewnesses for the C III
profiles (a), the N IV profiles (b), the O VI profiles (c), and the Ne VIII profiles (d). Again,
these distributions represent both non-event (low skewness) and event (high skewness) pro-
files. However, in these distributions, it is more difficult to assess where the boundary
between event and non-event profiles lies because there is not a range of skewness where
the non-event profiles are clearly dominant (such as they were at the low end of the width
distributions). To estimate the distribution of non-event profiles, the deviation from the

mean skewness, (A — X)3 — (A — )3, was measured for each profile. Then, ninety-percent
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Figure 4.8: Histograms (solid) of width of the C III profiles (a), N IV profiles (b), O VI
profiles (c), and Ne VIII profiles (d). The lower half of each histogram was fit with a
Gaussian function (dashed) and the number of excess events (dotted) above this Gaussian
was found. The cutoff value (dash-dot) for each line was then taken to be the width where
the number of events was larger than the number of non-events.
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Figure 4.9: Histograms (solid) of the skewness for the C III profiles (a), the N IV profiles
(b), the O VI profiles (c), and the Ne VIII profiles (d). Ninety percent of the profiles with
the skewness closest to the mean value were fit to find the Gaussian function (dashed). This
function is assumed to represent the distribution of non-event profiles, hence by subtracting
this function from the original histogram, the number of event profiles (dotted) can be
found. The skewness cutoff (dash-dot) was then taken to be the value where the number of
events was larger than the number of non-events.
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of the total number of profiles with the smallest deviations from the mean skewness were
taken to be non-event profiles. These profiles represented the central portion of each his-
togram. A histogram of only these profiles were fit with a Gaussian function (dashed).
The number of events (dotted) was then found from the difference in the distribution of
skewnesses and the Gaussian curve. The cutoff value (dash-dot) is again assumed to be the
skewness value where the number of events becomes larger then the number of non-events.
Note that because the center of the distributions are offset to negative values, the cutoff
values are different for profiles with negative or positive skewnesses. Both skewness cutoff
values, denoted with Kgkew for the positive cutoff and kgew— for negative cutoff, are given
in Table 4.6.

If a profile exhibits either width or skewness larger than these cutoff values, the profile
is selected as an event. By choosing the cutoff values as the width and skewness where
the number of events dominates the number of non-events (as opposed to simply taking
30 above the mean of the non-event distributions), some non-events will be selected and
included in the event distribution. Similarly, some event profiles will not be identified and
hence not included in the event distribution. Implications of this method of selecting event
profiles on the results will be discussed in Chapter 6.

Figure 4.10 (a) shows the high cadence C III spectra originally shown in Figure 4.3 (a).
From the 120 profiles present in this spectra, 36 met the event criteria; these are marked
by the brackets on the right-hand side of the spectrum. An example of one such profile
associated with spatial pixel 25 is shown in Figure 4.10 (b) along with a Gaussian function
that would be considered a normal, non-event profile for C ITI. The width and skewness
measured from this line profile are

A =X)2=0.012 = L.5kywia; (A—X)3 = —4.5x10"* = 1.7kgew—, (4.10)

where kyig and ksgew— are the cutoff values for C IIT [cf. Table 4.6]. Thus, this profile
exhibits both excess broadening and skewness. (This profile will be used as an example to
illustrate the analysis technique in Section 5.1.)

There are two ways to proceed with the analysis after the event profiles have been
selected. Much of the analysis depends on the average size of the event, i.e., the area
and lifetime of each individual event. It becomes important, then, to consider how the
profiles are grouped into events. The method utilized for the HRTS data involves grouping
event profiles together as a single event if they occurred in adjacent spatial pixels in a single
spectrum, or occurred in the same spatial pixel in consecutive spectra. The area of the event
would be the (average length along the slit)?, the event’s lifetime would be the number of
consecutive spectra multiplied by the exposure time of the spectra. If this grouping method
were implemented, all the profiles from, for instance, spatial pixel 17 to 30 in Figure 4.10
would be considered a single event representative of the area 14" x14”.

The HRTS observations show, however, that different events tend to occur in the same
area of the disk over time, and that individual events may not be resolved spatially along
the slit. Because the resolution of the spectra used in this study is of comparable or worse
resolution than that of the HRTS spectra, this dissertation will assume that each individual
pixel exhibiting event characteristics is a single event with area equal to the (width of the
pixel)? and lifetime equal to the exposure time of the spectrum. This treatment implies that
each profile is a “snapshot” of the dynamics occurring in the observed volume of plasma
and is not physically connected to the surrounding volume elements. The effects of this
assumption on the results will be discussed in Chapters 5 and 6.
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Figure 4.10: (a) Thirty-six profiles from this high-cadence C III spectra met the event
criteria. An example of an event profile (solid) associated with spatial pixel 25 is shown in
(b) along with a “normal” C III line profile (dashed). This profile exhibits both extreme
broadening and skewness.
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4.5 Analyzing Event Line Profiles Observed by SUMER

Each line profile that meets the event criteria must be calibrated to the units of flux
(photons cm~2 s~1 A~1) and background subtracted. Also, the spectral pixels defining the
boundaries of the profile (the pixels on either side of the line profile that define where the
emission from the spectral line is indistinguishable from the background emission) must be
identified before it can be deconvolved to find its corresponding VDEM. This section will
review the analysis technique specific to the SUMER data. An example of this analysis
technique will be given in Section 5.1.

From the raw SUMER data, an event line profile is initially the number of counts
received by the detector in a spectral bin. The counts in each bin are assumed to obey
Poisson statistics, hence the uncertainty in the counts in a given bin is proportional to
the square root of the number of counts in that bin. The SUMER radiometry program
provides the conversion factor to change the count rate (counts s=!) to specific intensity
(photons cm™2 s7! A~! sr~!) for each data set. The flux, I(\) (photons cm™2 s~ A~1), is
then found by multiplying the specific intensity by the area of the pixel under observation
and dividing by the sun-satellite distance squared. The uncertainty in the flux is then found
by simply propagating the uncertainty in the counts.

The background of each profile is found by fitting the counts in the bins on either side of
the spectral line with a linear function. To find the background, then, it is first necessary to
define the boundary pixels of the spectral line. In cases where the background is much less
than the peak emission for the spectral line, the boundary pixels can be defined as where
the flux drops to 1% of the peak flux. If the line profile was well-represented by a Gaussian
function, this reduction in flux would signify a 3¢ width. If the peak line intensity is not
100 times that of the background, the background must be defined first by spectral pixels
that are significantly far away from the line centroid. After the background is calculated,
the boundary pixels of the line can be defined by the first spectral pixels with average
background flux bordering either side of the line centroid. Empirically, it was established
that subtracting only seventy percent of the calculated background would prevent the counts
in any bin from being negative.

A line profile observed by SUMER is broadened not only by the motions in the plasma,
but also by the SUMER instrument. Before a VDEM deconvolved from a line profile can
represent the bulk velocity distribution, the excess width of the line due to instrumental
broadening must be removed. The observed line profile, I,s(A), is the convolution of the
emitted intensity, Iemitted(A), With a function that describes the instrumental broadening,

finstra i-e-,
Iobs()‘) = /Iemitted(/\,) finstr()\ — )\I) dX'. (4.11)

The instrumental function of the SUMER detectors is a Gaussian function with a width,
Oinstr, Telated to the FWHM of the detectors (2 pixels or ~ 90 mA for Detector A and 3
pixels or ~ 135 mA for Detector B). The emitted intensity in Equation (4.11) can be written
in terms of the VDEM function [cf. Equation (3.18)], i.e.,

owN) = [ | [ VDEM(0100) K (v108:N) dts| fnseA = N) aX. (4.12)

By reversing the order of integration,

Lops(\) = / V DEM (t105) [ / K (0108, N) Finste (A — N) d)\’] v, (4.13)
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the quantity in the brackets can be evaluated:
K (o5, A) = [ K (008, N) fmsalA = X dX. (1.14)

Convolving the existing kernel function (which is a thermally broadened Gaussian function)
with the instrument function (an instrumentally broadened Gaussian function), results in
a modified kernel function, K’, which is also a Gaussian function with a width of

0K = \/ Ut?h + Ui2nstr' (4'15)

Thus, the effects of the instrumental broadening can be removed by deconvolving the ob-
served intensity with a thermally and instrumentally broadened kernel function (For sim-
plicity, the primes are dropped and this modified kernel function is assumed for the rest of
the dissertation.)



CHAPTER 5

EXPLOSIVE EVENT CHARACTERISTICS

This chapter examines the characteristics of explosive events derived from our analysis.
The first section will illustrate the analysis technique on a single explosive event line profile
observed in the C ITI 977 A line. In Section 5.2, the general characteristics of explosive
events (such as birthrate and steady-state number) and the specific characteristics that are
needed to calculate the energy flux (e.g., the filling factor) will be reviewed. Section 5.3
will address the average energy flux characteristics associated with these events. Finally,
Section 5.4 will discuss these event characteristics and compare them to previous results.

5.1 The Analysis Technique: An Example

This section illustrates the analysis procedure introduced in Chapter 3 and discussed
further in Chapter 4 by calculating the energy flux associated with a single event profile
observed in the C IIT spectral line. This event is highlighted in Figure 4.10 (a) and shown
again in Figure 5.1 (a). The calculations to be completed include not only the net energy
flux, but also the energy flux toward and away from the observer, the components of each
energy flux (kinetic energy flux, thermal and nonthermal enthalpy flux, and the “high-
energy” component) and the specific energy release rate.

Recall that the net energy flux is found by

. 5 I
JE = i'ynkTv” + E'yp('uifun + ’Uﬁ) (5.1)

[cf. Equation (3.6)], and the energy fluxes toward and away from the observer are

s = omRTT, + sy, + 97 ) (52)
[cf. Equation (3.11)]. The components of each energy flux are reviewed in Table 3.1. The
terms that must be determined to evaluate these quantities are the temperature, T', density,
n, mass density, p, and filling factor, 7, of the plasma, the width of the perpendicular
velocity distribution, vﬁ_, and the first three moments of the parallel velocity distribution
(normalized VDEM function).

The temperature of the explosive event plasma is assumed to be where the emissivity
function is at a maximum. For the C III 977 A line, this temperature is 10*8 K. The electron
density is then found through the constant pressure assumption, i.e., ne = % =
1002 ¢cm~3. The density of hydrogen and helium, the two other main constituents in the
atmospheric plasma, are found from the abundances relative to the electron density, i.e.,
ng = 0.83ne = 10'%! cm™2 and nyge = 0.083n = 10°! cm™3. The total density is then
n = ne + ng + nge = 10%% cm™3. The mass density for the C III explosive event is

p = MeNe + muny + muenne = 10713 g cm =3,

7
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Figure 5.1: This figure illustrates the preparations that occur before a profile can be ana-
lyzed. Figure (a) shows a high-cadence C IIT spectrum taken 1996 May 10. The line profile
associated with spatial pixel 25 is shown in (b) with the pixels that define the boundaries
on either side of the centroid highlighted. This line profile is background subtracted and
calibrated to units of flux (c).
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The filling factor of the plasma is found from

— ne 0";4[21()71)]110&)( ‘f I()\)dA (5 3)
7= S H, '

[cf. Equation (3.14)], where D is the distance between the Sun and observer (~ 1.5 x 10'* cm
for the SUMER instrument), ¥ is the area under observation (~ 5.5 x 10 cm? for the
C III pixels), Hy is the scale height in the line profile region, and [G(T")|max is the maxi-
mum value of the emissivity function. The maximum value of the emissivity function for
C IIT is 1.4 x 10722 ergs cm® s~!. The total flux, [I(A\)d), for the event line profile is
3.8 x 1078 ergs cm~2 s~!. (Note that this flux is given in ergs instead of photons, which
is more commonly used in this dissertation. The flux must be given in ergs to match the
units of the emissivity function.)

To find the filling factor, it is first necessary to find the scale height, Hy, by evaluating
Equation (1.10). For the C III temperature range, this equation must be integrated nu-
merically. The minimum and maximum temperatures for this integral are taken to be %T

and /2T, respectively, where 7' is the temperature where the emissivity function of the ion
peaks. For the C ITI temperature (108 K), the scale height must be integrated from 10*6 K
to 10>% K. The scale height found for C III is 9.3 x 10° cm. Substituting the scale height
into Equation (5.3), along with the Sun-satellite distance, pixel area, total flux, electron
density and maximum emissivity function, the filling factor for the C III explosive event
line profile is 86%. This filling factor is much larger than normally estimated for transition
region plasmas (10%). The possible reasons for this inflation and the impact on the results
will be discussed in Section 5.4.

Recall from Equation (3.17) that the width of the perpendicular velocity distribution is
defined by the “normal” nonthermal r.m.s. velocity, &, i.e.,

0?2 =262, (5.4)

The r.m.s. velocity is associated with the excess broadening in the typical non-event width,
o, of transition region spectral lines, i.e.,

o= 20 /5 o (5.5)
c\ym

[restated from Equation (2.7)]. Therefore, to find the width of the perpendicular velocity

distribution, the the typical width of non-event spectral lines must be first be determined.

Its best approximation is the mean of the distribution of the measured widths, (A — )%, of

non-event profiles [cf. Figure 4.8]. Because this measurement is taken directly from the ini-

tial intensity [cf. Equation (4.9)], it also reflects the excess width due to instrumental broad-

ening. However, the instrumental effects are easily removed, i.e., o = \/ A—N)2— 02 r
where oingtr is the width of the Gaussian function and o represents the average width of
a typical non-event profile from Equation (5.5), which can now be solved for the nonther-

mal velocity, £. For the C III line, the mean of the Gaussian distribution of measured

widths is 1/ (A — X)2 = 80.5 mA. Because this C III event profile was observed with Detec-
tor A, the FWHM of the instrumental function is 2 pixels, or 88.4 mA. This corresponds
to a Gaussian width of oipsty = 37.8 mA. The average width of a non-event profile is then
o = 71.1 mA, which corresponds to a nonthermal velocity of £ = 21.1 km s~!. The width

of the perpendicular velocity distribution is thus '02L = 262 =890 (km s )2
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Figure 5.2: The flux found in Figure 5.1 is shown again in (a) and the VDEM found by
deconvolving the flux with a thermally and instrumentally broadened kernel function is
shown in (b).

Finally, the moments of the normalized VDEM function must be analyzed. Before
the line profile can be deconvolved with the kernel function to retrieve the corresponding
VDEM, it is background subtracted and the bins that define the line profile on either side
of the centroid are identified. The line profile is also converted from the original units of
counts to the units of flux (photons cm=2 s~! A~1). This is illustrated in Figure 5.1. The
C III spectrum is shown in Figure 5.1 (a), while the event line profile associated with spatial
pixel 25 is shown in Figure 5.1 (b). The vertical lines demonstrate the bins that define the
boundary pixels on either side of the centroid of the line profile. The background in this
area of the solar spectrum is very low and so is not observable in this figure. The resulting
flux derived from the initial profile is shown in Figure 5.1 (c).

Once the profile is in units of flux, the associated VDEM function can be found by
deconvolving the profile with a thermally and instrumentally broadened kernel function.
For C III, the thermal width (21.5 mA) and the instrumental width (37.8 mA) correspond
to a width of the kernel function of 43.5 mA. The resulting VDEM is shown in Figure 5.2.

From the normalized VDEM it is then possible to measure the moments of the parallel
velocity distribution. The moments are given in Table 5.1. The uncertainties in the velocity
moments are due to uncertainties in both the deconvolved VDEM function and its associated
velocity array. They are found through

N — 2 —\ 2
Ovk Ovk
E JZ <8VDEM,~) b * (W) “ (56)

=0

where eypgwm; is the uncertainty in the VDEM function at a given bin 4, €, is the uncertainty
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Table 5.1: Velocity moments of the example C III event line profile.

Net moments:
7= (—6+2) x10° (cm s 1)
v2 = (9.140.8) x 10'? (cm s71)?
v3 = (1.0 £ 0.5) x 10" (cm s71)3
Moments Toward Observer:
7y = (9+1) x 10° (cm s71)
02 = (3.4+.5) x 10" (cm s~ 1)2
v3 = (1.8 +£0.3) x 10! (cm s71)3
Moments Away From Observer:
7= = (—1.540.1) x 10% (cm s71)
vZ = (5.7£0.6) x 102 (cm s~1)2

v3 = (—2.8£0.4) x 10'° (cm s71)3

in the velocity array due to the uncertainty in the initial wavelength array. For the C III
spectrum, the uncertainty in the wavelength array is 16 mA, or 5 km s~ .

Finally, using the temperature, density, mass density, filling factor, width of the perpen-
dicular velocity distribution, and moments of the parallel velocity, it is possible to evaluate
the equations for net energy flux, energy flux toward the observer, and energy flux away
from the observer as well as their components: kinetic energy flux, thermal and nonthermal
enthalpy flux, and the “high-energy” component [cf. Table 3.1]. The resulting values for
energy flux are given in Table 5.2. The uncertainty in the energy flux is assumed to be from
the uncertainty in the parallel moments of the velocity distribution. All other quantities in
the energy flux equation are taken to be exact.

The net energy flux and its components are the most uncertain of the energy flux
measurements. The net energy flux is negative which implies that it is flowing away from
the observer. However, not all the components have the same sign; the skewed energy flux
is toward the observer, while the other components are away from the observer. Because
the net energy flux and its components are directional quantities, it is difficult to discuss
what percentage of the net energy flux is carried by a single component. In this example
profile, the percentage magnitude of the kinetic term is negligible, % =5x10"* or 0.05%.

ki
JE
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Table 5.2: Energy flux measurements for the example event line profile observed in the
C II1 977 A line.

Net Energy Flux

Jg = (=6 £2) x 105 ergs cm 2 s~
jiin = (=3 £3) x 10? ergs cm~2 57!
jin = (—442) x 10° ergs cm™2 s~
Juth = (=3 £2) x 10° ergs cm™2 571
Jokew = (7 £ 8) x 10* ergs cm=2 s~!
Energy Flux Toward Observer
jes = (1.0 £ 0.1) x 10° ergs cm=2 57!
Jrine = (1.2 £ 0.4) x 10* ergs cm™2 571
jehe = (6 £ 1) x 10° ergs cm™2 571
2 1

Juthy = (2£1) x 10° ergs cm™2 s
Jskews = (1.5 £0.3) x 10° ergs cm 2 5!
Energy Flux Away From Observer
je— = (—1.6 £0.2) x 10% ergs cm 2 57!
Jkin. = (=5 %+ 1) x 10* ergs cm=2 571
jin. = (=1.0+0.1) x 106 ergs cm~2 57!
Jnth— = (—4 4+ 1) x 10° ergs cm™2 571
jskew— = (—1.5 £ 0.3) x 105 ergs cm=2 57!
Specific Energy Release Rate

Jepecific = (2.6 £0.2) x 10% ergs cm™2 57!
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However, when comparing the percentage magnitudes of the other three terms, U;—Eh' = 0.67
(67%), % = 0.50 (50%), and % = 0.12 (12%), the sum of the percentages is more

than 100%. Therefore, it is not meaningful to assess what percentage of the net energy flux
is carried by a single component although it is meaningful to compare the magnitudes of
each component to assess which is the dominant component for the net energy flux.

The same is not true for the directional energy fluxes (jg+ and jg_) and their con-
stituents. Each component of the positive flux is pointing toward the observer, while each
component of the negative flux is pointing away from the observer. It is then very meaning-
ful to discuss what percentage of the directional energy flux is carried by a single component.
For this example, the kinetic energy flux is 1% of the positive energy flux, the thermal en-
thalpy flux constitutes 62%, while the nonthermal enthalpy and “high-energy” component
constitute 21% and 16%, respectively. The breakdown of the energy flux away from the
observer is 3% kinetic, 63% thermal, 25% nonthermal, and 9% high-energy. The specific
energy release rate of this event is 2.6 x 10 ergs cm=2 s71.

5.2 Explosive Event Characteristics

The calculations illustrated in the previous section must be carried out for every line
profile selected as an event. Applying the selection technique introduced in Chapter 4 to the
profiles of the four spectral lines identify all profiles that have extreme width or skewness.
The resulting numbers of event profiles selected from each data set are given in Table 5.3.
Approximately 12% of all profiles were selected as events. Of these selected profiles, many
(~ 24%) exhibit both statistically significant width and skewness. Of the profiles exhibiting

significant skewness, an average of 71% have dominant blue wings, i.e., (A — X)3 < 0. This
dominance is very evident in the C III and O VI profiles, while the N IV and Ne VIII data
have an equal number of events with dominant blue and red wings. Possible reasons for
this observation will be discussed in Section 5.4.

After selecting the event profiles, the global birthrate, R (events s~!), can be found from

R= NOAsun

T Aglit (57)
[restated from Equation (2.8)], where Ny is the number of event profiles from Table 5.3,
Agun 18 the solar surface area, 7 is the total observation time of the data, and Ag;; is the
projected area of the slit onto the solar surface. The steady-state number of events that
are occurring globally, Ngiopal, can then be calculated by multiplying the global birthrate
by the average lifetime of the event, fg, or Ngobal = Rg. (The average lifetime is taken to
be the exposure time of the spectra.) The results for each line are given in Table 5.4. The
global birthrate is between 103 and 10* events s~!, while the steady-state number is 103-10°
events. These numbers are one to two orders of magnitude larger than the birthrate and
steady-state numbers predicted by the HRTS data.

The peak temperature of each ion’s emissivity function is given in Table 5.5, along with
the density and mass density for each line observed. The scale height of the atmosphere was
evaluated from the conductive flux model given in Chapter 1. It was evaluated analytically
for the O VI and Ne VIII lines and numerically for the C III and N IV lines. The scale
height increased dramatically from 9 km for the C III plasma to 14,000 km for the Ne VIII
plasma. These values, along with the area of the pixels, were used to evaluate the filling
factor in each profile. The average filling factor for the event profiles in each line, as well as
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Table 5.3: The number of profiles and fraction of profiles that were selected as events, as
well as general characteristics of the selected profiles.

CIII | NIV | O VI | Ne VIII

Number of Event Profiles 3,403 | 2,505 | 5,531 2,907

Percentage of Total Profiles 20% | 6.4% | 14% 7.5%

Percentage of Event Profiles:

Exhibiting Enhanced Width 97% 79% 96% 70%
Exhibing Enhanced Skewness 29% | 45% | 28% 51%
Exhibing Both 26% | 24% | 25% 21%

Percentage of Skewed Event Profiles:
With Dominant Blue-Wing Asymmetry | 96% | 57% | 81% 51%

With Dominant Red-Wing Asymmetry 4% 43% | 19% 49%
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the scale height and area, are also given in Table 5.5. The filling factor varies significantly
in each line observed, with an average of 23%.

The width of the perpendicular bulk velocity distribution is derived from the average
nonthermal velocity of the non-event profiles. The nonthermal velocity is measured from the
typical width of a non-event spectral line. The results are given for each ion in Table 5.6.
The width of the perpendicular velocity distribution can then be found, i.e., v%_ = 2¢2.
The values given here for typical nonthermal velocity are slightly greater than the values
generally reported in the literature. The possible reasons and implications of these results

will be discussed in Section 5.4.

5.3 Characteristics of the Energy Flux of Explosive Events

It is very difficult to make general statements about the energy flux associated with the
explosive events analyzed in this study. The local conditions of each event plasma greatly
influence the shape of the line profile and hence the VDEM function. Some profiles may
exhibit extreme broadening with very little skewness while others may be highly skewed
but with relatively little broadening. This diversity results in highly individual energy flux
signatures for each event profile. Also, the data analyzed here includes four spectral lines
formed at different temperatures and observed at different times. The degree to which these
conditions influence the data is unknown. Therefore, the average energy flux characteristics
presented here are truly an average over an ensemble of events and do not completely
describe any one event. The uncertainties in the average energy flux are the standard error
(standard deviation divided by the square root of the number of events).

5.3.1 Net Energy Flux

The average values for the net energy flux and its components are given in Table 5.7.
The average magnitude of the net energy flux is 1.3 x 10° ergs cm™2 s~!. The direction
of the average net energy flux is away from the observer in the C III, N IV, and Ne VIII
lines, while it is toward the observer in the O VI line. The net energy flux is away from

the observer in 89% of the C IIT event profiles, 89% of the N IV event profiles, 19% of the

Table 5.4: The global birthrate, lifetime, and steady-state number of the events observed
in the four spectral lines.

C II1 N IV O VI | Ne VIII
Global Birthrate (events s~1) | 4.5 x 10* | 1.9 x 10® | 4.3 x 10* | 2.2 x 103
Lifetime (s) 48 120 36 120

Steady State Number 2.2 x 105 | 2.2 x 105 | 1.5 x 10% | 2.6 x 10°
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Table 5.5: The temperature, density, mass density, area, scale height, and average filling
factor for events observed in each spectral line.

C III NIV O VI Ne VIII
Temperature (K) 10*8 1051 1054 1059
Density (Cm73) 1010.48 1010-13 10983 109-38
N = Ne + NH + NHe
Mass Density (g cm—B) 10—13.51 10—13.86 10—14.16 10—14.61
P = MeNe + MANH + MHeNHe
Area (cm?) 5.5 x 101 | 5.0 x 10'® | 5.5 x 10!® | 5.0 x 10'6
Scale Height (cm) 9.3 x10° | 9.6 x 10° | 4.1 x 107 | 1.4 x 10°
Average Filling factor 30% 8.6% 52% 1.2%

Table 5.6: Values of the mean width of the non-event profiles, (1/ (A — X)?2), the instrumental

width (oinstr), the “normal” nonthermal width (o), and the nonthermal velocity ().

CIII | NIV | O VI | Ne VIII
VA —=X)2(mA) | 80.5 | 96.3 | 99.7 107.0
Oinstr (mA) 37.8 | 57.0 | 376 57.0
o (mA) 71.1 | 776 | 829 77.8
¢ (kms™1) 21.1 | 29.0 | 24.1 30.3
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O VI event profiles, and 56% of the Ne VIII event profiles. The profound differences in
the direction of the net energy flux may be attributed to the different observation times,
and hence different plasma conditions. The net energy flux is also the most affected when
plasma conditions are not in equilibrium and, hence, the most unreliable [cf. Section 3.4].

The average magnitude of the kinetic component is 2.2 x 10% ergs cm™2 s~!. In general,
the kinetic energy flux is insignificant when compared to the net energy flux, but this is not
necessarily true for each event profile. In fact, the maximum percentage magnitude for the
kinetic energy flux, |‘J]‘.‘;ﬂ, is 20%.

The average magnitude of the thermal enthalpy flux is 9.6 x 10* ergs cm™2 s~!. The
thermal component is the best estimate for the net energy flux. It is the dominant com-
ponent in 93% of the event profiles. The net thermal enthalpy is directed away from the
observer in 65% of the profiles. In the C IIT and N IV lines, the percentage of profiles
with a negative thermal enthalpy flux is quite high (~ 90%) while in the O VI profiles, the
percentage is amazingly low (18%).

The average magnitude of the nonthermal enthalpy flux is 4.1 x 10* ergs cm™2 s~! and
the average magnitude of the “high-energy” component of the energy flux (associated with
the skewed tail of the distribution) is 8.9 x 10% ergs cm™2 s~!. In general, the nonthermal
enthalpy is the second most significant component, but it is the dominant component in
less than 1% of the event profiles. The skewed energy flux, however, is dominant in 6% of
the profiles. This component is toward the observer in 73% of all the profiles.

The magnitude of the average values given in Table 5.7 are shown graphically in Fig-
ure 5.3. The values are given as a function of the peak temperature of each ion’s emissivity
function. This graph illustrates that the thermal enthalpy is the best estimate for the net
energy flux, especially at higher temperatures, while the nonthermal enthalpy flux and the
“high-energy” component are also significant.

Figure 5.4 shows histograms (solid) of the net energy flux for the events observed in the
C III spectral line (a), the N IV spectral line (b), the O VI spectral line (c), and the Ne VIII
spectral line (d). Histograms of the thermal enthalpy flux (dashed) for the events observed
in each spectral line are also shown. The distributions are very similar, especially in the
events observed in the (high temperature) O VI and Ne VIII lines. The differences in the
two distributions are due to the influence of the other terms in the energy flux equation.

A scatter plot of the net energy flux of an event as a function of the total intensity of the
event profile, [ I(\)d), is shown Figure 5.5. (Note that the scales of the four plots are all
different.) These plots demonstrate that profiles with low intensities have relatively narrow
range of net energy fluxes, while profiles with larger intensity have a larger range of net
energy fluxes. These plots, however, are heavily influenced by the assumptions made in the
filling factor measurement and will be discussed is section Section 5.4.

5.3.2 Energy Flux Towards the Observer

The average values for energy flux towards the observer and its constituents are given
in Table 5.8. These average values are shown graphically in Figure 5.6. The average energy
flux toward the observer over all event profiles is 2.3 10% ergs cm~2 s~!. The average energy
flux toward the observer and its constituents are shown as a function of peak temperature
of each ion’s emissivity function. The energy flux towards the observer is very similar in
the events observed in the C III, N IV and O VI lines, then drops significantly in the
events observed in the Ne VIII line. At all temperatures, thermal energy flux is the most
significant, followed by the nonthermal enthalpy and skewed energy flux. The significance



CIII NIV O VI Ne VIII

(104.8 K) (105.15 K) (105.45 K) (105.9 K)
i (=2.1140.05) | (—1.10 £0.03) | (2.14+£0.05) | (6=+2)

(ergs cm™2 s71) x10° x10° x10° x10?
iin (—4.5+02) | (-3.340.1) | (1.0+0.1) (3+1)

(ergs cm—2 s~ 1) x103 x103 x103 x10°
jth (—1.394+0.02) | (=7.1+0.2) | (1.74+£0.04) | (3+1)

(ergs cm—2 s 1) x10° x10% x10° x10?
uth (—8.8+0.2) | (—4.540.1) | (3.18+0.09) | (7+2)

(ergs cm—2 s~ 1) x10% x104 x10% x 101

okew (1.9 £0.1) (9.0 £0.4) (7.240.4) | (2.5+0.1)

(ergs cm—2 s 1) x10% x103 x103 %102
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Table 5.7: The average values (+ standard error) of the net energy flux and its components.
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of each component is discussed below.

The average kinetic energy flux is 2.6 x 10% ergs cm 2 s !, an average contribution
of < 1 % to the total energy flux over all profiles. The maximum contribution of the
kinetic energy flux in a single event is 8%. The average thermal enthalpy flux is 1.7 x
10° ergs cm™2 s71. It is the dominant component of the energy flux toward the observer
in all the event profiles. It represents an average of 78% of the total energy flux toward
the observer. The average nonthermal enthalpy flux is 3.4 x 10* ergs cm~2 s~ and the
average high energy component is 1.5 x 10* ergs cm™2 s~!. They represent a average of
15% and 6% of the total energy flux in all event profiles, respectively. The average and
maximum percentage magnitudes of each of these components for the events observed in
each spectral line are given in Table 5.9. The thermal enthalpy becomes more significant at
higher temperatures, while the kinetic energy flux, nonthermal enthalpy, and skewed energy
flux lose significance.

Figure 5.7 shows histograms of the energy flux toward the observer (solid), as well as
the thermal enthalpy flux (dashed), for the events observed in the C III spectral line (a),
the N IV spectral line (b), the O VI spectral line (c), and the Ne VIII spectral line (d).
The the distributions are very similar in the events observed in the (high temperature) ions
(O VI and Ne VIII). Any differences in the distributions are the result of the other terms
in the energy flux equation.
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Figure 5.3: The magnitude of the net energy flux, along with its constituents, is shown
above as a function of the peak temperature of the emitting ions’ emissivity function. The
uncertainty in these values are given in Table 5.7.
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Figure 5.4: Histograms of the net energy flux (solid) and thermal enthalpy flux (dashed)
for the events observed in the C III spectral line (a), the N IV spectral line (b), the O VI
spectral line (c), and the Ne VIII spectral line (d).
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of the total intensity of the profile for the events observed in the C III spectral line (a), the
N IV spectral line (b), the O VI spectral line (c), and the Ne VIII spectral line (d).



C III NIV O VI Ne VIII
(104.8 K) (105.15 K) (105.45 K) (105.9 K)
o (2.30 £0.05) | (9.1+0.2) | (5.6940.06) | (1.27 £ 0.02)
(ergs cm=2 s71) x105 x104 x 105 x104
Jint (3.0£0.2) | (1.154+0.06) | (6.0+0.1) (6.3+0.2)
(ergs cm=2 57 1) x103 x103 x103 x 101
Fehs (1.4240.02) | (5.940.1) | (4.8540.05) | (1.15+0.02)
(ergs cm~2 s71) x10° x10% x10° x 104
Fntha (5.564+0.2) | (2.15+0.06) | (5.80 £0.07) | (7.8 +0.1)
(ergs cm—2 s71) x10% x10% x10% x 102
Fkewt (2.9+0.1) (9.84+0.3) | (1.9240.04) | (3.7+0.1)
(ergs cm 2 s71) x10* x103 x10* x 102
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Table 5.8: Average values for the energy flux towards the observer and its components.
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Table 5.9: The average percentage magnitude and maximum percentage magnitude of the
components of the energy flux toward the observer for the event profiles observed in each

spectral line.

CII | NIV O VI | Ne VIII
(104.8 K) (105.15 K) (105.45 K) (105.9 K)
e dik | 1% | < 1% <1% | <1%
(Zanst) 8% 8% 5% 2%
JE+i / max
Ny oo e | 67 68% 86% 92%
(s 79% 82% 92% 96%
JE+i / max
5 Lol | 999 22% 10% 6%
(L) 41% 38% 25% 1%
JE+i / max
N e Bewti | 10% 9% 3% 3%
C= 40% 33% 24% 14%
JE+i / max
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Figure 5.6: The average values of the energy flux toward the observer and its constituents
are shown as a function of the peak temperature of each ion’s emissivity function. The
uncertainties at each point are given in Table 5.8.

Figure 5.8 shows scatter plots of the energy flux toward the observer as a function of
total intensity for the events observed in the C III line (a), N IV line (b), O VI line (c),
and Ne VIII line (d). (Note that the scale on each plot is different.) These plots show that
there is a main distribution of the events exhibiting a positive correlation between energy
flux and intensity. (This positive correlation is most likely due to the filling factor and will
be discussed in Section 5.4.) There are also some high energy flux, high intensity events
(for instance, in Figure 5.8 (a)) and some high intensity, but low energy flux events (for
instance, Figure 5.8 (d)) that significantly deviate from the general distribution. There are
also some high energy flux, low intensity events (for instance, in Figure 5.8 (b) and (d)),
but because the uncertainty in energy flux is larger at lower intensities (and also because
these events are observed in the poor spatial and temporal resolution N IV and Ne VIII
data), it is questionable whether these events truly deviate from the general distribution.

5.3.3 Energy Flux Away from the Observer

The characteristics of the energy flows away from the observer are very similar to those
of the energy flows toward the observer. The average values for the total energy flux away
from the observer and its constituents are given in Table 5.10 and are shown graphically
in Figure 5.9 as a function of the peak temperature of each ion’s emissivity function. This
figure illustrates that the thermal enthalpy is the most significant term in the energy flux
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Table 5.10: The average values of the energy flux away from the observer and its compo-
nents.

C III N IV O VI Ne VIII
(104.8 K) (105.15 K) (105.45 K) (105.9 K)
o (—4.41 £0.05) | (—2.01 x 0.04) | (=3.54 £ 0.05) | (—1.21 4 0.02)
(ergs cm 2 s71) x10° x10° x10° x10*
Fiin— (—1.60 £0.03) | (—8.6+0.2) (—2.0 +0.2) (=5.4+0.2)
(ergs cm~2 s~ 1) x10% x103 x103 %101
Jth (—2.81 £0.03) | (—1.30£0.02) | (—=3.11 £0.04) | (—1.1240.01)
(ergs cm—2 s~ 1) x10° x10° x10° x10%
Jnth (—1.18 £0.02) | (=5.440.1) | (=3.07+0.06) | (—6.5+0.1)
(ergs cm~2 s~ 1) %103 x104 x104 %102
Fskew— (—2.50 £0.05) | (—8.240.2) | (—1.04+0.03) | (—1.80 % 0.05)
ergs cm 2 g ! x10% x103 x 104 x10?
g
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Figure 5.9: The energy flux away from the observer is shown as a function of the peak
temperature of each ion’s emissivity function. The uncertainties of these points are given
in Table 5.10.

away from the observer, while the nonthermal enthalpy is the second most significant. The
average energy flux away from the observer is 2.5 x 10° ergs cm™2 s~!. The magnitude of
the energy flux away from the observer is of the same order of magnitude for the events
observed in the C III line, N IV line, and O VI line, then drops an order of magnitude for
the events observed in the Ne VIII line.

The average kinetic energy flux away from the observer is 6.7 x 10% ergs cm™2 s7!, ~ 3%
of the total energy flux away from the observer. The maximum percentage of the total flux
away from the observer carried by the kinetic flux is 13%. The average value of the thermal
enthalpy flux is 1.8 x 10° ergs cm™2 s~1. Again, it is the best estimate for the total energy
flux away from the observer. It is the largest component of the energy flux away from the
observer in every event profile. In general, it represents ~ 79% of the total energy flux away
from the observer.

The average value of the nonthermal enthalpy flux is 5.1 x 10* ergs cm™2 s~! and the
average value of the skewed energy flux is 1.1 x 10* ergs cm~2 s~!. The nonthermal enthalpy
flux is more significant at lower temperatures, it represents 26% of the total energy flux away
from the observer in C III profiles, but falls to 5% for Ne VIII profiles. The skewed energy
flux follows the same pattern. It constitutes 5% of the energy flux away from the observer
in the C III events, but only 1% of the Ne VIII events. Although, in general, it is less
significant than the kinetic energy flux, in some events it can be more significant. The
maximum percentage of the energy flux away from the observer constituted by the skewed
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energy flux is 27%. The average and maximum percentage magnitudes of the components
in each spectral line are given in Table 5.11.

Histograms of the energy flux away from the observer (solid), as well as the thermal
enthalpy flux (dashed) are shown in Figure 5.10 for the events observed in the C III spectral
line (a), the N IV spectral line (b), the O VI spectral line (c), and the Ne VIII spectral
line (d). The two distributions are more similar in the events observed in the O VI and
Ne VIII lines, yet remain markedly different for the events observed in the C IIT and N IV
lines. The differences indicate that other energy components are also significant in the lower
temperature events.

Figure 5.11 shows scatter plots of the energy flux away the observer as a function of total
intensity for the events observed in the C III spectral line (a), N IV spectral line (b), O VI
spectral line (c), and Ne VIII spectral line (d). (Note that the scales on the energy flux are
different for each plot.) The correlation between energy flux away from the observer and
intensity is similar to the correlation between energy flux toward the observer and intensity
[cf. Figure 5.8]. These figures show that there are some events with high energy flux that
deviate from the general distribution. Figures 5.11 (b) and (d) also show some low intensity,
high energy flux events, but because of the high uncertainties associated with these events,
it is difficult to assess if they truly deviate from the general distribution.

5.3.4 Specific Energy Release Rate

The average values for the specific energy release rate, along with the energy flux toward
and away from the observer, are given in Table 5.12 and shown graphically as a function of
the peak temperature of each ion’s emissivity function in Figure 5.12. The average specific
energy release rate is 4.8 x 10° ergs cm 2 s !. The energy flux away from the observer is
dominant in the C III, N IV, and Ne VIII profiles, while the energy flux toward the observer
is dominant in the O VI profiles.

5.4 Discussion of Event Characteristics

This chapter has demonstrated the analysis technique applied in this study and de-
tailed the event characteristics found. This section will review these characteristics, com-
paring them to previous event characteristics observed by the HRTS instrument and ex-
plaining possible sources of error. The global birthrate and steady-state number pre-
dicted from the events observed in the SUMER data are 2 x 10 — 5 x 10* events s™!
and 2 x 10° — 2 x 10° events, respectively, one to two orders of magnitude greater than
the global birthrate and steady-state number predicted by the HRTS analysis, approxi-
mately 6 x 102 events s and 4 x 10* events [cf. Table 2.1], respectively. The substantial
differences in these two sets of numbers can be explained by the different analysis techniques
applied to the two data sets. Restated from Equations (2.8) and (2.9), the birthrate and
steady-state number can be found through

_ NoAsun .

N,
)
T Aglit

global = Rlg, (5.8)

R

where Ny is the number of events observed and tg is the average lifetime of the events.
The HRTS analysis and the analysis presented here have employed different methods to
determine these two quantities.
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Table 5.11: The average and maximum percentage magnitudes of the components of the
energy flux away from the observer for the event profiles observed in each spectral line.

C III N IV O VI | Ne VIII
(104.8 K) (105.15 K) (105.45 K) (105.9 K)
e oo Linsiy | 3% 4% <1% <1%
(J;_—) 13% 13% 8% 2%
E—-i /max
L $~No jth=i 66% 66% 89% 93%
No &1 je—i
(%L) 76% 75% 93% 96%
JE—i / max
N Tt 96% 26% 8% 5%
(“L) 40% 36% 20% 11%
JE—i max
e Lo deewsi | 59 4% 3% 1%
(“L) 24% 27% 25% 13%
JE—i /max
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Figure 5.10: Histograms of the energy flux away from the observer (solid) and the thermal
enthalpy flux away from the observer (dashed) for the events observed in the C III spectral
line (a), N IV spectral line (b), O VI spectral line (c), and Ne VIII spectral line (d).
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Figure 5.11: Scatter plots of the energy flux away from the observer as a function of the
total intensity of the event line profiles observed in the C III line (a), N IV line (b), O VI
line (c), and Ne VIII line (d).

The two main factors that affect the number of events observed, Ny, are the event profile
selection criteria and the methods implemented to group selected profiles into individual
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Figure 5.12: The specific energy release rate, as well as the magnitudes of the energy
flux toward and away from the observer. The uncertainties in these values are given in

Table 5.12.

Table 5.12: The average values for the specific energy release rate for the events observed
in each spectral line.

C III N IV O VI Ne VIII
(104.8 K) (105.15 K) (105.45 K) (105.9 K)
Jspecific (6.714+0.09) | (2.9240.05) | (9.23+£0.09) | (2.47 4+ 0.03)
(ergs cm~2 s~ 1) %105 x 105 x 105 x10%
o (2.30 + 0.05) (9.140.2) (5.69 £0.06) | (1.27+0.02)
(ergs cm~2 s~ 1) %105 x104 x 105 x10%
o (—4.41 £0.05) | (—2.01 x 0.04) | (—3.54 £ 0.05) | (—1.21 4 0.02)
(ergs cm 2 s71) x10° x10° x10° x10*
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events. The HRTS events were selected based on direct examination of the photographic
prints, thus only profiles that showed extreme nonthermal broadening or skewness were
selected. A more careful, systematic approach was implemented in selecting the events
from the SUMER data. Profiles were selected if their measured width and skewness were
greater than those expected for normal non-event profiles. The HRTS event profiles were
then grouped together into a single event if they occurred in adjacent spatial pixels in the
same spectrum or the same spatial pixel in consecutive spectra. The average width of an
event along the slit thus determined was 1,500 km, or 2”. The SUMER event profiles were
each treated individually. If the HRTS grouping method was implemented in the SUMER
analysis, the number of event profiles would decrease approximately by a factor of 2 for the
C IIT and O VI data sets where the resolution is 1”. The difference in grouping methods
can only account for a factor of 2 difference between the number of HRTS and SUMER
events, and hence cannot be responsible for the order of magnitude increase in the global
birthrate. The dominant reason for this increase is then believed to be the event selection
criteria.

The steady-state number is not only dependent on the number of events observed, but
also the average lifetime of the events. In the HRTS analysis, the lifetime was estimated
by the number of consecutive spectra in which extremely broadened or skewed profiles in
a given spatial pixel were observed. The average lifetime thus found was ~ 60 s. In the
analysis presented here, the lifetime of these events is taken to simply be the exposure
time of each spectrum. The exposure time of the C III and O VI spectra (48 s and 36 s,
respectively) are approximately equal to the predicted HRTS lifetime, so no further inflation
of the steady-state number is expected. However, the exposure time of the spectra in N IV
and Ne VIII (120 s) is twice the lifetime of the HRTS events, which causes the steady-
state number to possibly be inflated by a factor of 2. This cannot explain the two orders of
magnitude difference between the steady-state number predicted by the SUMER, events and
that predicted by the HRTS events. Again, it is believed that the most significant cause of
the increase in the global birthrate and steady-state number is the careful selection criteria.

Each of the global birthrates and steady-state numbers predicted by the events ob-
served in the four spectral lines are greater that those predicted by HRTS data. However,
there remains an order of magnitude variation in these four sets of quantities measured
from the SUMER data. The global birthrate and steady-state number predicted by the
events observed in the N IV and Ne VIII data are approximately 2 x 10% events s~ ! and
2 x 10° events, respectively, while these quantities predicted from the events observed in
the C III and O VI lines are 4 x 10* events s~! and 2 x 10% events, respectively. These
differences are again believed to be related to the selection criteria established in Section
4.4 and to the poor resolution of the N IV and Ne VIII data sets. The spatial and temporal
resolution of this data (2,100 km and 120 s) was much greater than the typical event length
and lifetime observed by the HRTS data (1,500 km and 60 s). This indicates that events
observed in the N IV and Ne VIII lines were unresolved and that possibly more than one
event was integrated in a single profile. This would lead to excess broadening in the profiles
and make it more difficult to determine the distribution of non-event widths [cf. Figure 4.8].
Hence, a smaller percentage of profiles was identified to exhibit event characteristics (~ 6%
of the Ne VIIT and N IV profiles were selected compared to ~ 16% of the C IIT and O VI —
Table 5.3) and the global birthrate and steady-state number were suppressed.

The same reasoning can explain the differing characteristics concerning the dominance
of the blue-wing in skewed events. The blue-wing was dominant in approximately 88% of
the C IIT and O VI events, but in only ~ 54% of the N IV and Ne VIII profiles. For the
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long exposure time profiles, however, it was more difficult to determine the skewness cutoff,
and by integrating over longer time periods, the skewness could have been reduced. These
differences are also observed when comparing the SUMER events with HRTS events. In
the HRTS data, the blue-wing was estimated to be dominant in only 60% of the profiles.
The difference in these numbers can be attributed to a more accurate way of measuring
blue-wing dominance in the events presented here. Also there appears to be no temperature
dependence on the events observed by SUMER (given the resolution is approximately the
same), while the results from HRTS report that events most often occur in lines formed
around 10° K. This discrepancy is probably due to the lack of lines observed at a variety
of temperatures in the HRTS spectral range.

The average filling factors determined in this analysis from the C III, N IV, O VI,
and Ne VIII profiles were 30%, 9%, 52%, and 1%, respectively. The filling factors found
from the C IIT and O VI events were much greater than typical values for filling factors
associated with the solar transition region (10% or less — e.g., Mariska 1992). Recall that
the filling factor depends both on the density and the assumed scale height of the plasma.
Typically when measuring the filling factor, the density of the plasma is known through
density sensitive line ratios, and hence the only assumed quantity is the scale height (and
hence geometry) of the emitting atmosphere. Although the assumption of a scale height
can drastically affect the resulting filling factor, it is easily accounted for when comparing
two different sets of filling factors. (For instance, if one filling factor was measured from
a line profile assuming a one-dimensional atmosphere structure and another assuming a
“magnetic junkyard” atmospheric structure, the differences in the two measurements could
be easily remedied when comparing the scale height assumptions.) For the measurements
made here, however, neither the density or the scale height are known; both are estimates.
Given the estimated density and scale height, the filling factor was then used to account for
how much volume would be filled if these estimates were correct. Thus the high estimates
of the filling factor could be due to either an underestimation of the height of the volume
element emitting the explosive event profile or of the density of the explosive event plasma.
If either quantity was underestimated, the filling factor (and hence energy flux) would
decrease. (The ratio of the energy flux to the energy flux components, however, would
remain unchanged.) The effects of such an underestimation on the distribution of events as
a function of energy will be discussed in Chapter 6.

By assuming the density and scale height to be the same for all event observed in a
spectral line, the differences in intensity are assumed to be solely due to differences in the
true volume of the emitting plasma. Basically, an intense spectral line implies a larger
volume of plasma is filled, and hence, that plasma is associated with a larger energy flux.
This assumption is the reason for the positive correlation between the energy flux and
the intensity observed in Figures 5.8 and 5.11, as well as the larger distribution of net
energy fluxes as higher intensities in Figure 5.5. However, if, for instance, larger events
have a slightly higher density, their intensity would be drastically increased (due to the
dependence of the intensity on the square of the density) but the energy flux would be
reduced. This scenario demonstrates the possibly significant systematic (but unavoidable)
error associated with finding the filling factor from an assumed density.

Comparing the average r.m.s. nonthermal velocity, £, presented in Table 5.6, to the
generally reported value of most probable speed, ¢, requires an adjustment of v/2 [cf. Section
2.1]. The values for the most probable nonthermal velocity found by Chae, Schiihle, &
Lemaire (1998) are given in Table 5.13, along with the corresponding r.m.s. velocities.
The values measured from the SUMER data used in this study are from Table 5.6. The
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values determined in this study are, without exception, greater than the previously reported
values. The nonthermal velocities in C III and O VI are only ~ 5 km s ! greater than the
previously reported values. This discrepancy is probably due to the fact that Chae, Schiihle,
& Lemaire assumed an instrumental broadening for Detector A of 2.3 pixels instead of the
2 pixels that was assumed here. Much larger discrepancies are in the N IV and Ne VIII
nonthermal velocities, which were measured to be ~ 13 km s~! greater than the previously
reported values. This large discrepancy is probably because these lines were observed with
Detector B which not only has a large instrumental broadening function (~ 3 pixels) but
the instrumental function varies widely, + 0.5 pixels compared to the £ 0.15 pixels for
Detector A. Also, the widths of the N IV and Ne VIII lines were affected by the large
spatial resolution and exposure time. This possible overestimate in the nonthermal velocity
will not greatly affect the energy flux. As discussed above, the energy flux is most accurately
estimated by the thermal enthalpy flux term. A small change in the nonthermal enthalpy,
then, would not greatly influence the results.

The energy flux characteristics presented in the previous section provide reliable infor-
mation on the energy flux associated with explosive events. It appears that the energy flux
is best estimated by the thermal enthalpy flux, especially at high temperatures. The non-
thermal enthalpy flux and “high-energy” component are also significant, while the kinetic
energy flux (3pv%) is generally insignificant.

As stated in the example presented in Section 5.1, it is very difficult to assess what
percentage of the net energy flux is carried by a single component. It is instead more
meaningful to simply address the dominant component. For the net energy flux, the thermal
enthalpy flux was the dominant component in 97% of the profiles, while the nonthermal
enthalpy flux was dominant in less than 1% and the energy flux associated with the skewed
tail of the distribution was dominant in 3% of the profiles. For the directional energy
fluxes, it is possible to discuss what percentage of the energy flux is represented by the
kinetic energy flux, thermal enthalpy flux, etc. For the energy flux toward the observer, the

Table 5.13: A comparison of the values for the most probable nonthermal velocity, ¢, and
corresponding r.m.s. nonthermal velocity, £cnae presented in Chae, Schiihle, & Lemaire
(1998) with the r.m.s. velocity, £, measured here [cf. Table 5.6].

CIII NIV | O VI | Ne VIII

¢ (kms™t) 21.6 | 26.3 | 29.0 24.6
(Chae, Schiihle, & Lemaire 1998)

EChae = % (km s~ 1) 153 | 18.6 | 20.5 17.4

¢ (km s 1) 21.1 | 29.0 | 24.1 30.3
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average contribution of thermal enthalpy flux was 80%, of nonthermal enthalpy flux was
14%, and of skewed energy flux 5%. The kinetic energy flux represented less than 1% of the
energy flux toward the observer. For the energy flux away from the observer, the thermal
enthalpy flux represented approximately 73% and the nonthermal enthalpy flux 20%. The
skewed energy flux and kinetic energy flux each represent 3% of the energy flux away from
the observer.

It might seem odd that the thermal enthalpy flux is larger than the nonthermal en-
thalpy flux, as it is for the events presented here. In general, a line profile emitted by a
transition region ion has a nonthermal velocity much larger than its thermal velocity, e.g.,

the C III thermal velocity is \/% = 7 km s~! while the nonthermal velocity width of the

example event line profile shown in Section 5.1 is 1/(v2 —72) = 29.5 km s~'. Therefore it
would be intuitive to think that the nonthermal enthalpy flux would always be greater than
the thermal enthalpy flux. However, the energy flux given here is the energy flux of the
electrons and hydrogen and helium nuclei. It is easier to understand the dominance of the
thermal enthalpy when the total enthalpy is expressed in terms of an effective temperature,
jenthalpy = Jth + Jnth = %nkTeff = gnk(Tth + Tnth)a where

1 2 4 3 2 _ =2
Snmu| + 2nm('u” %)

5.9
o (5.9)

Tnth =

The “nonthermal temperature” for the electron species is negligible (50 K) when compared
to the true temperature of the plasma (10*® K). The nonthermal temperature for the
hydrogen species (10*? K) is approximately equal to the true temperature of the plasma,
while the nonthermal temperature for the helium species (10>° K) dominates. Basically,
each of these species contribute to the thermal enthalpy flux, but only the hydrogen and
helium species contribute to the nonthermal enthalpy flux. In general, then, the advection
of the thermal energy is more significant than advection of the nonthermal energy.

When examining the components of the directional energy flux compared to the com-
ponents of the net energy flux, notice that the directional components do not sum to the
net components, i.e., jxin 7 Jkin+ + Jkin—- L he reason for this inequality is straightforward.
Though it is true that 7 = 7y + 7_, as shown in Equation (3.10), it is also true that
7% # 735 + 72, as would have to be the case for the kinetic energy fluxes to be equivalent.
The relationship between the various values of energy flux is illustrated below. The net
energy flux must equal the sum of its components, i.e., jg = jkin + Jth + Jnth + Jskew, Also,
the net energy flux must equal the sum of the directional energy fluxes, jgr = jrt+ + JE—.
However, the sum of the components to the net energy flux do not necessarily equal the net
energy flux component, e.g., jkin 7 Jkin+ + Jkin—-

Jkint )
Jth+ -
. JE+
Jnth+ i
. m
Jskew+ ) jin
JE .
jk' Jnth
mn— .
. Jskew
Jth— .
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CHAPTER 6

GLOBAL ENERGETICS

This chapter will derive the energy contribution of explosive events to the global solar
atmosphere by assuming the characteristics of the events presented in Chapter 5 apply to
the global distribution of events. The global contribution of energy flux toward and away
from the observer will be calculated, as well as the total energy flux released by events.
Also, this chapter will compile the distribution of events as a function of energy, Z—%, to
assess if smaller, undetectable events may be energetically significant. Finally, the results
of this analysis will be discussed.

6.1 Global Energy Contribution

An estimate of the contribution of explosive events to the global energetics of the solar
atmosphere relies on the ability to observe a statistically significant number of events as a
sample distribution and then to apply the characteristics of the sample distribution to the
entire sun. Events, taken individually, are markedly unique and dissimilar. They are highly
dependent on the local conditions of the solar transition region, and because they are most
likely linked to magnetic phenomena, their characteristics may change dramatically over
the solar cycle. Furthermore, the size and lifetime of explosive events stretch the resolving
capabilities of current instrumentation, even while applying the latest observational tech-
nologies. Also, in extrapolating event characteristics to a global scale, several (potentially
drastic) assumptions must be made. In this section, the energetics of the events observed in
the four spectral lines discussed in Chapter 5 will be used to estimate the global energetics.

The global contribution of energy flux, jgiopa (ergs cm~2 s71), from explosive events
can be constructed from the average of the total energy produced by a single event, E (ergs
event—!), times the global birthrate, R (events s~!), divided by the surface area of the sun,
Asun (CmQ)a or

jglobal = f—R (6.1)

sun

The global birthrate has already been found in the last chapter [cf. Table 5.4], thus the
only unknown in Equation (6.1) is the average energy per event released into the solar
atmosphere.

To find the energy released into the solar atmosphere from an explosive event plasma,
it is first necessary to develop a basic geometrical model of the energy flows associated
with events. The model assumed for this dissertation is shown in Figure 6.1. In this
simple model, the plasma is contained within a coronal loop in a classical one-dimensional
transition region. The reconnection event drives plasma away from the reconnection point,
either toward the corona or the chromosphere. (By only observing events near sun center,
the energy flux toward the observer is assumed to represent the energy flux toward the
corona and the energy flux away from the observer in assumed to represent energy flux
toward the chromosphere.) The energy flux measured toward the corona, jgy, is assumed
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to be the energy flux through an area above the reconnection point and the energy flux

measured moving toward the chromosphere, jr_, is assumed to be through an area below

the reconnection point. Within one scale height of the atmosphere, the energy flux is then

assumed go to zero. It is within these volumes (marked as V. and V_ in Figure 6.1) that

the explosive event plasma deposits its energy through collisions with the ambient plasma.

The energy density released into these volumes is proportional to the divergence of the
energy flux of the event, i.e.,
dey

e —V - jB+ [ergs cm™3 571, (6.2)

where d;—j corresponds to the divergence of jrt and is the heating rate in the volume above

the reconnection point and d;—; corresponds to jg— and is the heating rate in the volume

below the reconnection point. By assuming that the energy flux goes to zero over the scale
height of the atmosphere, the total energy released in the volume element above or below
the event over the event’s lifetime, tg, is
dey
E, = —/—Vit
+ g EUE
JE+
= —Vit
HO +lE

= Je+XtE, (6.3)

where ¥ (the area of the pixel) is assumed to be the area of the event (or cross-sectional
area of the coronal loop). The average energy released toward the corona or chromosphere
per event is then

1 )
A ;]E:I:z'zitEia (6.4)
where the sum is taken over all events.
Combining Equations (6.1), (5.7), and (6.4), the global energy flux can be written as

No

. X TRy
Jglobal+ = Z]E:I:i L
7

Agiv T

7 (6-5)

which is simply the sum of the measured energy fluxes weighted by a spatial “filling factor”
and a temporal “duty cycle”. (To find the average total energy release by the explosive
event plasma, the specific energy release rate, jspeciic = |je+| + [je—| can be substituted
into Equation (6.5).) The uncertainty in the global energy flux is due to the uncertainty
in the energy flux of each event (derived from the uncertainty in the VDEM function and
velocity array), as well as the uncertainty in the event area (3%;) and lifetime (3¢g;) resulting
from the spatial and temporal resolution of the spectrometer.

Table 6.1 summarizes the global energy flux contribution derived from the events ob-
served in the four spectral lines. The average global energy flux contribution toward the
corona (toward the observer) is 3.6 x 10% ergs cm™2 s~! and the global energy flux con-
tribution toward the chromosphere (away from the observer) is 4.4 x 10* ergs cm=2 s~1.
Both values imply that the global energy flux associated with explosive events is too small
to be significant in atmospheric heating. The energy flux away from the observer is clearly
dominant in the C III and N IV lines, while the magnitude of the terms are approximately
equal in the O VI and Ne VIII events. The average total energy flux released into the
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Figure 6.1: This simple model is assumed to represent the energy flows in the solar at-
mosphere associated with explosive events. The event plasma is driven away from the
reconnection site either toward the corona or chromosphere. The plasma then deposits its

energy through collisions with the ambient plasma in the volumes marked V and V_.
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Table 6.1: These values are the global energy flux contribution toward the corona and
toward the chromosphere, as well as the total energy flux associated with the explosive
events.

C II1 NIV OVl Ne VIII
(104.8 K) (105.15 K) (105.45 K) (105.9 K)

Jelobal+ | (4.46 £0.08) | (1.64 £ 0.04) (7.9 +£0.1) (2.67 & 0.05)
x 104 x 104 x10% x103

Jelobal— | (—8.6£0.1) | (=3.63£0.07) | (—4.96 £0.07) | (—2.54 £0.04)
x10* x10* x10% x 103

Jelobal T | (1.30 £0.02) (5.3 +0.1) (1.29 4 0.02) (5.20 & 0.08)
x10° x10% x10° x103

solar atmosphere, jgobal T, found by substituting the specific energy release rate into Equa-
tion (6.5), is 7.9 x 10* ergs cm~2 s~1. These quantities are shown as a function of the peak
temperature of each ion’s emissivity function in Figure 6.2. These values will be compared
with previous results in Section 6.3.

6.2 The Global Distribution Functions

The global contribution of explosive events to the solar atmosphere calculated in the
previous section implies that explosive events, themselves, are not energetically significant
in the solar atmosphere. However, the distribution of events as a function of energy released
either toward the corona or toward the chromosphere, ddE—Ni, (events erg ! s 1), provides
information about the possible energetic significance of smaller, undetectable events. By
assuming the explosive event distributions continue to the lower, undetectable energies,
important nanoflare requirements, such as the typical energy of a nanoflare and the number
required to heat the solar atmosphere, can be derived. In this section, the method of
determining these distributions and deriving the required energy and number of nanoflares
will be illustrated with the events observed in the C III spectral line. The distributions
of events will then be shown both as a function of energy released toward the corona and
toward the chromosphere for each spectral line observed.

To illustrate the method of deriving the distribution, consider the energy released toward
the corona [cf. Equation (6.3)] by the events observed in the C III 977 A spectral line. To
find the distribution of events as a function of this coronal energy release, a histogram is
generated that describes the number of events with energy released between log E; and
log £, + §, where § is the size of the histogram bins. For the dissertation, this bin size is
always 0.1. To find the number of events occurring globally with an energy in the range of
each bin, the number of observed events in each bin is then multiplied by the solar surface
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Figure 6.2: The magnitudes of the global energy flux toward the observer and away from
the observer, as well as the total global energy flux, are shown as a function of the peak
temperature of each ion’s emissivity function. The uncertainty associated with each point
is given in Table 6.1.

area and divided by the observation time, area of the slit and width of the bin, i.e.,

dN Asun
= N(E 6.6

where AE, = 1098 F++9 _ 1018 P+ The resulting C III distribution is shown in Figure 6.3.
The uncertainty in the distribution at each point comes from both uncertainty in the number
of events in each bin and the uncertainty in the energy associated with each event. The
distribution of the number of events in each bin is assumed to follow Poisson statistics,
so the uncertainty will then be the square root of the number of events in each bin. The
uncertainty in the energy is derived from the uncertainty in the energy flux, event area, and
event lifetime.

If the distribution shown in Figure 6.3 followed a power-law curve, i.e., ddE—N+ = AE°,
then plotting it on a logarithm scale should result in a straight line with slope —a and
y-intercept of log A, i.e.,

log X log A — alog E (6.7)

0g B, 0g alog B, . .
Yet, the curve shown in Figure 6.4 does not immediately appear to be a a first degree poly-
nomial. The shape of the curve at high energies (above log E; ~ 22.5) appears linear, but
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Figure 6.3: The distribution of events observed in the C III spectral line as a function of
their energy released toward the corona.

at low energies, the curve levels off and begins decreasing. The reason for the deviation from
a power-law at low energies, however, can be explained as a result of the inability to detect
events below a certain energy. The lower energy limit at which events become undetectable
is difficult to define, but it is related to both instrument sensitivity and selection criteria.
The line profiles are selected as explosive events because they exhibit excess broadening or
skewness. This definition does not lend itself to determining an implied energy cutoff; thus,
the energy cutoff has been determined empirically for each distribution. For each distri-
bution, an initial slope is found considering only the high energy points. Then, a single
additional point at the immediate lower energy to those points considered is included to
determine its influence on the fit. The energy at which fit deteriorated with the addition
of the next point in the distribution is considered the cutoff value. Using this method the
cutoff value for the C III distribution was found to be log £, = 22.7. Considering only the
points above this cutoff value, the slope is 2.8 0.2 and the y-intercept is log A = 45.1+0.2.
This fit is applicable for the range of energies from the cutoff energy, log E, = 22.7, to the
maximum energy of an event, log F ~ 24.2. The uncertainty in the slope and y-intercept is
derived from both the uncertainty in the points of the distribution and how well the points
fit a straight line. The resulting fit is shown in Figure 6.4.

After establishing the fit parameters, it is possible to find the required nanoflare energy
and the implied birthrate of events at that energy. The total power required to heat the
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Figure 6.4: The cutoff value for this distribution of events was found by fitting the high
energy points, then adding a single low energy point until the fit deteriorated. The cutoff
value determined for the above distribution was log E; = 22.7.

corona by nanoflares is found by integrating the distribution, i.e.,

Ema,x+ dN
Pr = —FE.dE
T ‘/%min-‘,- dE+ * *

Ema,x+
= A / E{*TdE,

Emin+
A —a+2 —a+2
= —a+2 [Em:;—l— - Emio;l_:— ]
A _
~ mEm;“. (6.8)

The last approximation is made because the index of the distribution is greater than 2 and
the minimum energy is much less than the maximum energy. Substituting the total power
required to heat the corona (3 x 1028 ergs s~ 1) and solving for Eniny, the required nanoflare
energy implied the C III distribution to heat the corona is 10?'% ergs. (This value was
also evaluated for the events observed in the other spectral lines. The results are given in
the following sections.) For this energy to be realized by explosive events, the distribution
found here must be extrapolated downward by over an order of magnitude.
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Table 6.2: The power law index and coefficient, A, for the fits to the distribution of events
as a function of their energy released toward the corona observed in each ion, as well as the
applicable range and the nanoflare energy and number implied by each distribution.

C III NIV O VI Ne VIII
a 2.8+0.1 2.8+0.1 3.3+04 2.8+0.5
log A 45.1+£0.1 46.2 £0.1 57.7+0.4 45.5 0.5

Apphcable Range (ergs) 1022.7 _ 1024.2 1023.8 _ 1025.1 1023.1 _ 1024.3 1022.8 _ 1024.1
Nanoflare Energy (ergs) 10213 10218 10223 10%0-1

R, (events s7!) 10%-6 1087 109 10%0

The number of nanoflares, R, (events s~!), required to heat the corona can then be
found from

Emax+
/ N = / AE;%dE,

Emin+
A
Ry = — E it (6.9)
This number evaluated from the C III events is 1056 events s~1.

6.2.1 Distribution of Events as a Function of Energy Released Toward
the Corona

The distributions of energy released toward the corona was found for the remaining
three spectral lines. These distributions are shown in Figure 6.5. A composite of all the
distributions of energy release toward the corona is shown in Figure 6.6.

The results of fitting the distributions shown in Figure 6.5 are given for each spectral
line in Table 6.2. The values of the index, «, for the coronal distribution of each spectral
line are remarkably similar. The weighted average of the index of these distributions is
2.9 + 0.1. The minimum value of the applicable range is simply the empirically chosen
cutoff value, while the maximum value is the approximate maximum energy of the events
observed. These events are observed in a range of energies from 10?27 ergs to 102> ergs.
The implied nanoflare energy is between 10?%! and 10%?-3, while the number of nanoflares
required to heat the corona is between 10°° and 10 events s~!.
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Figure 6.5: Distributions of events observed in the C III line (a), N IV line (b), O VI line
(c), and Ne VIII line (d) as a function of their energy released toward the corona. The
results of the fits of these distributions are given in Table 6.2. A composite plot of the fits
is shown in Figure 6.6.
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Figure 6.6: A composite of the distribution of energy released toward the corona by the
observed events [cf. Figure 6.5].

6.2.2 Distribution of Events as a Function of Energy Released Toward
the Chromosphere

The distributions of the energy released toward the chromosphere for the events ob-
served in the C III, N IV, O VI and Ne VIII lines are shown in Figure 6.7. A composite of
all the fits is shown in Figure 6.8.

The results of the fits to the distributions in Figure 6.7 are summarized in Table 6.3. The
weighted average of the index of these distributions is 2.9 £0.1. The range of energies with
approximately this index is 10227 — 10?53 ergs. The nanoflare energies predicted by these
distributions range between 10'%° ergs and 102!'* ergs. The number of these nanoflares
required to provide the energy to heat the chromosphere (2 x 102% ergs s~!) is between 107-6

and 10%° events s~!.

6.3 Discussion of the Global Energetics of Explosive Events

The measured contribution of explosive events to the global energy flux released toward
the corona (~ 3.6 x 10* ergs cm™2 s7!) and to the global energy flux released toward
the chromosphere (~ 4.4 x 10* ergs cm~2 s71), implies that the events themselves are
not significant to the energy balance in the solar atmosphere. The values reported here
are approximately 10 and 100 times smaller than the values needed to heat the corona or

chromosphere, 3 x 10° ergs cm™2 s~ and 4 x 10% ergs cm™2 s™', respectively. The physical
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Figure 6.7: Distributions of the events observed in the C III line (a), N IV line (b), O VI line
(c), and Ne VIII line (d) as a function of their energy released toward the chromosphere.
The results of the fits of these distributions are given in Table 6.3. A composite plot of

these fits is shown in Figure 6.8.
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Figure 6.8: A composite of the distributions of the number of events as a function of energy
released toward the chromosphere [cf. Figure 6.7].

Table 6.3: The power law index and coefficient, A, for the fits to the distribution of events
observed in each ion as a function of their energy released toward the chromosphere, as well
as the applicable range and the nanoflare energy and number implied by each distribution.

C 111 N IV O VI Ne VIII
o (3.0 £0.2) (2.5 +0.3) (2.7 +0.2) (3.140.2)
logyo A (50.7+0.2) | (39.6+0.3) | (43.3+0.2) | (51.6+0.2)

Applicable Range
Nanoflare Energy

R, (events s 1)

1023.0 _ 1024.0
1021.4

107.6

1023.9 _ 1025.3
1020.3

109.0

1022.7 _ 1024.0
1020.1

109.0

1022.7 _ 1024.0
1019.9

109.5
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viability of these values is dependent on the geometric model described in Section 6.1. In
the model, it was assumed that the energy would be deposited in a volume element with a
depth of one scale height and the cross-sectional area equal to the event area. Most HRTS
observations of explosive events were made in the low to middle transition region, for exam-
ple in the resonance lines of C IV at 1,548 and 1,555 A, which are formed at a temperature
of about 10° K. These events appear to be associated with the magnetic network (e.g.,
Porter & Dere 1991). Though the energy given here is not necessarily deposited in the
corona or chromosphere, it is assumed to be released in a large coronal structure which is
magnetically connected to the corona and chromosphere.

The energy flux of explosive events characterized in this dissertation has been only the
energy flux associated with accelerated (and radiating) particles. Of course, the reconnec-
tion process associated with explosive events could drive other processes, such as Alfvén
waves. In Section 6.2, the energy released into the volume element toward the corona dur-
ing, for instance, the O VI events, was established to be ~ 104 ergs. The volume element
(XHy) for the O VI plasma was ~ 10?® cm3. The energy density was therefore approxi-
mately 10 ergs cm~3. This same energy released perpendicular to the field lines would drive
Alfvén waves. The energy would be propagated upward at the Alfvén speed (for instance,
~ 100 km s~ 1), resulting in an additional energy flux of 10 ergs cm 2 s~!. This energy
flux is an order of magnitude greater than the average energy flux of the plasma for the
O VI events [cf. Table 5.8]. The realization of this additional energy flux, however, is highly
dependent upon establishing a physically realizable model of explosive event reconnection,
including how efficiently the energy is released both parallel and perpendicular to the field
lines.

In trying to understand the energetic implications of explosive events, it is important
to appreciate that they also require energy to sustain them. At a pressure of 10° cm™3 K,
maintaining the plasma during an average event against radiative losses, nenyP(T) [cf.
Equation (1.11)], requires an energy deposition rate of 0.09 ergs cm— s~! for C III events,
0.03 ergs cm 2 s~! for N IV events, 0.007 ergs cm 2 s~! for O VI events, and 2 x 10~*
ergs cm~3 s™! for Ne VIII events. The radiative cooling time of the event plasmas [cf.
Equation (2.4)] are ~ 2 s for C III, ~ 7 s for N IV, ~ 30s for O VI, and ~ 1,300 s for
Ne VIII. The fast cooling times for the C III, N IV, and O VI events imply energy must
be continually supplied to sustain radiation during the events. Thus, the energy supplied
by the reconnection event must provide not only the enthalpy that may heat the corona
and chromosphere, but also a substantial amount of energy to power the radiation from the
explosive event.

The distributions of events as a function of energy toward the observer follow a power-
law curve with an average index of 2.9 + 0.1. These distributions span a range of energies
from 10227 to 102! ergs. These distributions predict an average nanoflare energy of ap-
proximately 10?!? ergs, an order of magnitude less than the applicable range. The average
global birthrate of the nanoflares is predicted to be 10%* events s~*. The distributions of
events as a function of energy away from the observer have an average index of 2.9 £+ 0.1
valid for the energy range of 10?27 to 10253 ergs. The average nanoflare energy implied by
this distribution is 10%0-® ergs, two orders of magnitude less than the minimum cutoff of the
distribution. The global birthrate predicted by the average distribution is 10°"! events s~!.

Throughout this study, several (potentially drastic) assumptions have been made that
could affect the slope of these distributions. These assumptions include the filling factor,
lifetime, and area of explosive events, as well as the event selection criteria. The possible
effects of these assumptions will be discussed briefly here.
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As discussed in Section 5.4, the filling factor measured here was dependent upon an
assumed density and scale height of the emitting plasma. It is quite possible that the scale
height or density was underestimated, resulting in a relatively high (~ 25% compared to
~ 10% or less) filling factor. If, in fact, the density or scale height of the event plasma was
systematically higher in all event plasmas, the energy associated with the events (and hence
the energy associated with the distribution of events) would be reduced. The distribution
would be shifted to lower energies, resulting in lower estimated nanoflare energies and larger
numbers of required nanoflares. However, the slope of the distribution would not be affected
by this systematic error. The slope would only be influenced if the density or scale height
of the events was dependent on the energy of the events (for instance, if large energy flux
events were associated with a larger density than small energy flux events or vice versa).
This possible influence is difficult to assess due to the lack of reliable information on the
density or volume of the explosive event plasma, but it is possible to address whether
an energy dependent density or scale height would increase or decrease the slope of the
distribution. For instance, if larger energy flux events were associated with larger density,
the total energy released toward the corona or chromosphere by these events would be
reduced. [This is due to the filling factor’s dependence on n—12, resulting in the energy flux
(and hence energy of the events) being proportional to %] Therefore, the largest energy
flux events would be shifted to lower energies while the small energy flux events would
remain unchanged. This would steepen the distribution and hence increase the slope. If
instead the density of the smaller flux energy events were larger than the density of the
larger energy flux events, the smaller events would be shifted to lower energies, while the
larger energy events would remain unchanged. The distribution would flatter, and the slope
would therefore decrease. [Because the energy flux is also inversely proportional to the scale
height, the same type of behavior of the slope would be expected if the scale height were
energy dependent, i.e., a larger scale height for larger events would increase the slope, while
a larger scale height for smaller events would decrease the slope.]

The energy of each individual event also depends on its lifetime and area [Equation
(6.3)]. In this study, the lifetime of all events was assumed to be the exposure time of the
spectra (48 s for the C III events, 120 s for the N IV events, 36 s for the O VI events,
and 120 s for the Ne VIII events) and the area was assumed to be the (pixel length)?.
These definitions of lifetime and area differ from those employed in the HRTS analysis
where profiles that occurred in adjacent pixels in the same spectra or the same pixels in
consecutive spectra were grouped into a single event. If the assumptions made here about
event area and lifetime are systematically wrong, e.g., the lifetime of all the events were %
the exposure time, the distribution of events as a function of energy would be shifted in
a way similar to the shift associated with an underestimation of density or volume. But,
again, it would not change the slope of the distribution. If, however, the lifetime or the
area of the events was dependent upon the energy, e.g., if events with larger energy fluxes
lastest longer or were over larger areas than the events with smaller energy fluxes, the slope
of the distribution may drastically be affected. Because the energy of the events is directly
proportional to both the lifetime and area of the events, larger areas or lifetimes associated
with larger energy flux events would flatten the distribution and reduce the slope. It is then
necessary to consider the possible influence of grouping the profiles and to evaluate whether
the assumption that each profile represents a single event is valid.

The two C IIT spectra shown in Figure 6.9 demonstrate the potential problems with
grouping adjacent profiles into a single event. All the profiles in spectrum (a) between spatial
pixels 7 and 14 were chosen as event profiles, as well as all the profiles between spatial pixels
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Figure 6.9: These two C III spectra show different groups of profiles selected as events. The
profiles in spectrum (a) show similar shifts and velocity distributions, while the profiles in
spectrum (b) are not convincingly similar.
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17 and 30 in spectrum (b). Each of the profiles in spectrum (a) represent a large event with
very obvious excess emission in the blue wing of the spectral line. The line profiles from pixel
7 to 14 have similar shapes and result in similar velocity distributions and measurements of
energy flux. It would be defendable, then, to group these 8 profiles together and consider
them to be a single event representative of a 8”x8" area. It is not as easy to find similar
characteristics in the profiles highlighted in spectrum (b). Even though they appear in
adjacent pixels, it is not immediately obvious that they are representative of a single event.
The line profiles associated with these pixels are not convincingly similar (or dissimilar).
Each shows small amounts of excess emission in the wings of the profile, yet there is no
characteristic emission that group them into a single event. With no other evidence to
support the supposition that they are magnetically connected (such as a magnetogram
with a neutral line running along this area or a high resolution image of the area ), there
is no convincing argument that these profiles all represent observations of a single event, or
10 separate events, or any other possible grouping.

In fact, it is suspect that any profiles should be grouped together, even ones with similar
line profile shapes. The filling factor of the atmosphere is generally 10% or less (and even
though it is found to be larger in this study, it is still consistently less than unity). If
the volume observed by a single pixel is only partially filled with emitting material, how
is it intrinsically connected to volume elements thousands of kilometers away? Unless
the reconnection event fills the volume, it is difficult to assume that these profiles are
magnetically connected. Furthermore, events are observed to occur along magnetic neutral
lines in the same location over time, so different reconnective events could be occurring in
spatially adjacent (yet magnetically separate) locations. To fully address the true size and
lifetime of explosive events, it is necessary to have high resolution, high cadence images of
the solar transition region, as well as information on the local magnetic field motions and
the high quality spectral data. Until then, the effect of the area and lifetime of events on
the distribution of events as a function of energy can not be addressed.

Finally, the selection method implemented in this study [cf. Section 4.4] may have an
effect on the distribution of events as a function of energy. The cutoff values for the width
and skewness of the profiles were selected as where the number of events dominated the
number of non-events [cf. Figures 4.8 and 4.9]. This implies that some event profiles were not
selected as events and some profiles that were within the acceptable non-event distribution
were selected as events. If the ignored events (or the non-events mistakenly selected) have
markedly different energy distributions than established here, their inclusion (or exclusion)
would then affect the slope of the distribution.

A more comprehensive analysis of how these selection criteria influence the events is
warranted. For instance, the distribution of events can be found for all the profiles in a
single bin of the width histogram [cf. Figures 4.8]. This distribution can then be weighted by
the percentage of profiles in that bin that qualifies as an event. The weighted distributions
from all the bins can then be added and the total distribution can be evaluated. Such an
analysis is planned for an upcoming paper.

The energy distributions found in the analysis of these explosive events imply that for
nanoflares to be associated with the energy release responsible for solar atmospheric heating,
an individual nanoflare must release approximately 10%! ergs into the solar atmosphere and
approximately 10° new nanoflares must occur globally every second. For these results to
be considered accurate, the energy distributions derived here must be representative of
the energy distribution of nanoflares. The hypothesis that the nanoflare distribution is
accurately represented by the explosive event distribution is supported by the similarity in
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magnitude of the event energies. Explosive events range in energies from 10227 — 10253 ergs
and the predicted nanoflare energy is 10?! ergs, within two orders of magnitude. Recall,
however, that the event distributions found here show that the energy distribution of events
is a broken power-law between this explosive event energy range (with a power-law index
of ~ 2.9) and the solar flare energy range ~ 10%° — 1032 ergs (with a power-law index of 1.8
— Dennis 1985). Hence, even though the energy range of explosive events is quite similar
to the predicted energy range of nanoflares, the energy distribution of events, which has
already been found to be inconsistent in different energy ranges, may not extend to the
nanoflare energies. To further develop this distribution to smaller energies, higher spatial
and spectral resolution data is needed.



CHAPTER 7

SUMMARY AND CONCLUSIONS

This dissertation has addressed the energetics of explosive events in the solar transition
region. Explosive events are observed as extremely broadened or skewed spectral lines and
are thought to be the bi-directional jet produced by magnetic reconnection. Previous knowl-
edge of explosive event characteristics was derived almost solely from the HRTS instrument.
Though this instrument had adequate spatial and spectral resolution, the amount of data
was insufficient for a statistical study of explosive events. The previous measurements of
the energy associated with explosive events relied on using the characteristic velocities of
the plasma (mainly derived from the width of the spectral line) and hence were not true
measurements of the energy flux (which is proportional to the third moment of the velocity).

The energy flux of a dynamic plasma can only truly be measured from the the bulk
velocity distribution. Assuming the plasma is constrained to move along a single direction,
the energy flux in that direction can be separated into four components: the kinetic energy
flux (associated with the bulk velocity of the plasma), the thermal enthalpy flux (the advec-
tion of the thermal energy of the plasma), the nonthermal enthalpy flux (the advection of
the microturbulence in the plasma), and the “high-energy” component (associated with the
skewed tail of the distribution). If the moments of the velocity are taken over all velocity
space, then the energy flux thus found would represent the net energy flux through the
volume element. If the moments are taken only over positive or negative velocities, the
energy flux would be a measure of the energy flux toward or away from the observer. The
specific energy release rate can also be measured as the total magnitude of the energy flux
both toward and away from the observer.

To find the energy flux, the first through third moments of the velocity distribution
parallel to the direction of motion must be known, as well as the temperature, density,
filling factor, and width of the velocity distribution perpendicular to the direction of motion.
Assuming the direction of motion is along the line-of-sight, the bulk velocities observed as
Doppler shifts in the event line profiles can be characterized using the Velocity Differential
Emission Measure. The normalized moments of this function, along with assumptions
about the plasma temperature, density, and scale height, provide the information necessary
to make accurate energy flux measurements. This method of finding the energy flux was
found to be robust given some data restrictions such as a large number of counts defining
the line profiles, observations taken at or near disk center, and high cadence observations.

These data requirements were met by the Solar Ultraviolet Measurements of Emitted
Radiation (SUMER) telescope and spectrometer. Two data sets containing a total of four
spectral lines were selected from the SUMER data archives. The wavelengths associated
with the high-cadence spectra were found by fitting reference lines in long exposures ob-
servations of the wavelength range. The four spectral lines utilized were the C III 977 A
line (formed at 10%® K), the N IV 765 A line (formed at 10°>'® K), the O VI 1032 A line
(formed at 104> K), and the Ne VIII 770 A line (formed at 10%° K). These spectral lines
are formed over a temperature range that spans the transition region.

The spectra in these data sets contained between 17,000 and 45,000 line profiles, yet
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only a fraction qualified as explosive events profiles. To select the event profiles from the
general sample, the width and skewness of each profile were measured and compared to
cutoff values derived from the distribution of widths and skewnesses of all line profiles [cf.
Section 4.4]. If either the width or skewness of a profile were larger than the established
cutoff values, the profile was selected as an event.

Each profile selected as an event was deconvolved with a kernel function to find the
corresponding VDEM function. The moments of the VDEM function were then used to
find the energy flux associated with the event plasma [cf. Section 5.3]. The characteristics
of the energy flux of the observed events were assumed to be representative of the global
distribution of explosive events; thus the global contribution of energy flux to the corona
and chromosphere due to explosive events was found [cf. Section 6.1]. The distribution of
events as a function of either energy released toward the corona or toward the chromosphere
was also derived [cf. Section 6.2].

The major results of this dissertation are summarized below.

e The global birthrate and steady-state number of explosive events were found to be
between 2 x 10% and 4 x 10* events s~ and 2 x 10° and 2 x 10°% events, one to two
orders of magnitude greater than previously reported values. Though a fraction of this
difference is thought to be due to differences in different analysis technique (grouping
several profiles into a single event compared to treating each profile individually), the
dominant reason for this increase is due to improved event selection criteria.

e The characteristics of the event profiles were also updated. It was found that ~ 88%
of the events observed in the (high resolution) C III and O VI spectral lines with
statistically significant skewness had dominant blue wings. This blue-wing dominance
is much more pronounced in these data sets than in the HRTS data where only 60%
of the profiles were reported to have blue-wing asymmetry.

e The energy flux of the events was dominated by the thermal enthalpy flows. The
nonthermal enthalpy flows and skewed energy flux were also significant, while the
kinetic energy flux associated with the bulk velocity of the plasma was the least
significant.

e The average energy flux contribution to the solar atmosphere predicted by the char-
acteristics of these sample events was 3.6 x 10* ergs cm™2 s~! toward the corona and
4.4 x 10* ergs cm™2 s~! toward the chromosphere. Though these values are slightly
larger than the values previously found from Brueckner and Bartoe (1983) and Cook
et al. (1988), they do not suggest that explosive events are significant in providing
the energy requirements for heating the solar atmosphere.

e The ion-averaged distribution of events as a function of the energy released toward
the observer is a power-law function with a slope of 2.9 £ 0.1. The energy range over
which this distribution is valid is 10?27 to 10?°>!. The implied energy of nanoflares
is approximately 10219 ergs and global birthrate is 108* events s~!. The average
distribution of events as a function of the energy released away from the observer is a
power-law function with a slope of 2.9 +0.1. The energy range over which this distri-
bution is valid is 10227 to 1025-3. The implied energy of nanoflares is approximately
10208 ergs and global birthrate is 108 events s~!. If the distribution found here
is representative of smaller, undetectable releases of energy (~ 1020-% — 10219 ergs),
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then enough energy would be released by these nanoflares to account for coronal and
chromospheric heating.

Much improvement can be made over the current knowledge of reconnection events
and their role in the global atmosphere. First and foremost, a physically realizable model
of the acceleration process needs to be developed. The improved event characteristics
provided here (such as dominance of the blue wing asymmetry) should establish criteria for
a physically realistic model. Also, higher spatial, spectral, and temporal resolution images
are needed with better count statistics to extrapolate the distribution of events to smaller
energies.

To understand the differences in energy flux as a function of temperature, comparisons
of the energy flux of multiple lines formed simultaneously at different temperatures in the
solar atmosphere can be made. This type of comparison of the N IV and Ne VIII data will
be made in a future paper. Assuming a plane-parallel geometry, comparing two or more
measurements of energy flux would provide the divergences of the energy flux in the regions
between the line formation locations. However, a correct interpretation of such an analysis
depends crucially on the true geometry of the solar “transition region” plasma. Images from
SOHO reveal that transition region plasma does not really constitute a “transition region”
at all (in the sense of an interface between cool chromospheric and hot coronal plasmas
as in a one-dimensional model), but rather exhibits complex geometries more suggestive of
magnetically isolated structures (e.g., the “magnetic junkyard” scenario originally proposed
by Dowdy, Rabin, & Moore 1986). Priest (1998) has strongly cautioned against the use of
any one-dimensional model to describe the EUV emitting plasma regions. In the case where
spectral lines are formed in different structures, differences between energy fluxes revealed
by these spectral lines provide not so much the divergence of the energy flux within a single
structure, but rather the spatial distribution of energy input to the different structures in
the region.

In summary, this dissertation finds that although explosive events themselves do not
release sufficient amounts of energy to heat the solar atmosphere, they do provide valuable
information on the distribution of events as a function of energy. The distribution found
here suggests smaller, undetectable nanoflares may be responsible for solar atmospheric
heating.



APPENDIX

Simulating Line Profiles

The shape and magnitude of a spectral line profile emitted by a plasma depends upon
the temperature and density of the plasma, the emissivity function associated with the
spectral line in question, and the bulk velocity distribution of the plasma along the line-
of-sight. This appendix will illustrate the process of simulating an O IV 790 A line profile
assuming the emitting plasma has a uniform temperature of 10%2 K and an electron density
of 1098 cm=3.

Consider the equation of the intensity (photons cm2 s~ A1),

1) = 47?;2 / nG(T) d;iisK()\,vlos)dvlos (A1)
[restated from Equations (3.17) and (3.18)], where ¥ is the area under observation, D
is the sun-satellite distance, ne is the electron density, G(T') is the emissivity function
(ergs cm®s™1) associated with the spectral line in question, s is the path length in the
solar atmosphere, v is the line-of-sight velocity, and K (), vjes) ((cm s71)71) is the kernel
function. This function describes the emission from each volume element as a function of its
line-of-sight velocity. It is assumed to be simply a thermally broadened Gaussian function
centered on the line-of-sight velocity in question. Assuming that the emitting plasma has
uniform temperature and density, the intensity becomes
_ nlG(T)=y ds

I\ = 1nD? dvlosK()\,vlos)dvlos, (A.2)

where dglso represents the percentage of fluid moving with a given line-of-sight velocity, and

hence, (in a constant density plasma) is the bulk velocity distribution along the line-of-
sight. For instance, consider the bulk velocity distribution shown in Figure A.1 (a). In this
simple distribution, 70% of the volume elements are moving at -10 km s~!, while 30% of
the volume elements are moving with a bulk velocity of 40 km s~ !. (The assumed bin size
is 1 kms 1)

In the absence of temperature or density gradients, all volume elements are equally likely
to emit a photon. In the above example, 70% of the photons will be emitted by the plasma
with a bulk velocity of -10 km s~!, while 30% of the photons will be emitted by the volume
elements with a bulk velocity of 40 km s~!. The definition of the size of a volume element
is arbitrary, thus it is intuitive to divide the plasma into the number of volume elements as
required by the number of counts. For instance, to simulate a line profile defined by 10,000
counts, the emitting plasma is assumed to contain 10,000 volume elements with each volume
element emitting a single photon. Such a line profile based on the bulk velocity distribution
shown in Figure A.1 (a), would have 7,000 photons emitted by the plasma traveling with a
bulk velocity of -10 km s™1, and 3,000 photons emitted by the plasma traveling with bulk
velocity of 40 km s—!.
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Figure A.1: A simple bulk velocity distribution is shown in (a) and the corresponding
velocity distribution of 10,000 volume elements shown in (b). The resulting intensity from
this distribution of volume elements is shown as a function of wavelength in (c).
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The volume elements associated with a given bulk velocity will still be distributed in a
thermal Gaussian distribution about that bulk velocity. To simulate the statistical fluctua-
tions associating with the thermal distribution (related to the kernel function in Equation
(A.2)), the IDL program “RANDOMN.PRO” was used. This program generates pseudo-
random numbers based on a Gaussian probability distribution with a mean of zero and
standard deviation of 1, i.e.

e

P~e 7, (A.3)

where z = 1’_&%. The value of z is returned by the program, and then used to find the
value of the velocity, v, associated with a given volume element. The thermal velocity for
the O IV ion is 9 km s~!. The distribution of the 10,000 volume elements based on the
assumed bulk velocity distribution is shown in Figure A.1 (b).

After determining the exact velocity for each volume element emitting a photon, the last
step is to find the wavelength associated with each velocity. If the volume element is moving
toward (away from) the observer, the emitted wavelength will be blueshifted (redshifted).
The wavelength, A, is found using the Doppler shift formula, ¥ = )“;\—;)‘. Finally, to find
the intensity of photons as a function of wavelength, a histogram is compiled from the
wavelength of each photon. The bin size of the histogram should be comparable to that
of a spectrometer (45 mA for the SUMER spectrometer). The intensity of the O IV line
resulting from the assumed bulk velocity distribution is shown Figure A.1 (c). The units of

2
this intensity can be changed to units of flux by multiplying by %.
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